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ABSTRACT 
In order to satisfy the need for better ballistic performance against lethal threats, new 
grades of Titanium (e.g. Ti-6Al-4V) and Aluminum (e.g. AA5083) alloys are being employed in 
the design of blast survivable structures. These better performing alloys are not readily amenable 
to conventional welding process or result in inferior welds when joined using conventional 
welding process. On the other hand, Friction Stir Welding (FSW), a relatively new welding 
process, has been found to be successful in producing good quality welds in these alloys. FSW 
also offers better weld performance in comparison with the conventional welding process. But the 
methodology for employing FSW to weld blast survivable structures remains unexplored. 
Therefore a robust and cost-efficient three-step process to Friction-Stir-Weld blast survivable 
structures is introduced in the present work. 
The first step in the proposed three-step methodology is to identify the FSW process 
parameters and tool design parameters that results in best quality welds and maximum 
productivity of the process. Since a purely experimental investigation of FSW process is 
expensive, computational Finite-Element-Analysis (FEA) procedures are incorporated in the 
methodology to reduce the amount of experimental investigation required. A fully-coupled 
thermo-mechanical FEA procedure is employed to investigate the spatial distribution and 
temporal evolution of material properties/microstructure with the FSW joints of Aluminum 
(AA5083) and Titanium (Ti-6Al-4V) work-pieces. In case of Ti-6Al-4V, the thermal history 
result from the computational analysis is used to determine the temporal evolution of the material 
microstructure in the weakest Heat-Affected-Zone (HAZ) region. Based on the well-established 
property vs. microstructure relationship for Ti-6Al-4V, and the temporal evolution of material 
microstructure for HAZ region, the overall structural performance of the weld is predicted. The 
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computational results are compared with their corresponding experimental results found in open 
literature, and are found to be agreeable. 
In the second step, the optimal weld joint designs used in different regions of the blast 
survivable structures are identified. 
 In the third step, problems regarding sub-scale modeling of blast survivable vehicle test 
structures are analyzed. The results obtained are used to analyze the potential of the current 
approach in enhancing blast survivability of military structures. 
Keywords: Friction Stir Welding; Ti-6Al-4V; Finite Element Analysis, Weld 
Microstructure/Properties Prediction; Process Development;  Military-vehicle Structures; Blast 
Survivability . 
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CHAPTER 1 
INTRODUCTION 
1.1. Background 
To respond to increasing lethality of threats faced by lightweight armored vehicles, 
higher strength aluminum alloys and titanium alloys are extensively used as armor materials. 
These alloys offer superior ballistic protection without compromising the lightweight aspect of 
the design. Due to superior weld quality requirements, conventional fusion welding of the above 
considered alloys is difficult. Friction Stir Welding (FSW), a solid-state welding process, can 
easily weld the above considered alloys and can provide the desired level of weld quality. Since 
FSW is a relatively new technology, the procedure for applying it to weld military structures is 
not clearly known and the experimental cost for understanding the FSW process is high. 
Computational analysis of FSW process can significantly reduce the experimental cost of 
implementing FSW process to weld military structures. Therefore in the present work, a robust 
and cost-effective three-step procedure (incorporating computational analysis procedures) is 
developed to implement the welding of military structures using FSW. In order to address the 
computational analysis needs, a previously developed fully coupled thermo-mechanical finite 
element analysis procedure is used to computationally analyze the FSW process of titanium and 
aluminum alloys. The computational results are validated by comparing them with available 
experimental results.  
The microstructural evolution of the work-piece material during FSW process plays a 
very vital role in determining the quality and performance of the welds (specifically in the case of 
Ti-6Al-4V). Therefore, the material microstructure evolution during FSW of Ti-6Al-4V (based 
on thermal history results from the computational analysis) is analyzed.    
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1.2. Literature Review 
A fairly detailed overview of the FSW process and a review of previously developed 
fully coupled thermo-mechanical finite element procedure are presented in Chapter 2. Apart from 
that, relevant literature survey for each of the sub-topics presented in the current work is provided 
in Chapters 2-4.  
1.3. Thesis Objective and Outline 
The objective of the present work is to develop a methodology for utilizing FSW to weld 
military vehicle structures. The computational procedures used in the above methodology (based 
on a previously developed fully coupled thermo-mechanical finite element procedure) needs to be 
implemented and validated. The work-piece material microstructure evolution during the FSW 
process of Ti-6Al-4V needs to be analyzed. The organization of the present work is as follows: 
In Chapter 2, a detailed overview of the FSW process and a previously developed fully 
coupled thermo-mechanical finite element procedure is provided. The computational procedure 
for analyzing FSW of AA5083-H116 alloy is implemented. 
In Chapter 3, the computational analysis of FSW process of Ti-6Al-4V is carried out. The 
computational results are compared with the experimental results available in literature. The 
microstructural evolution of Ti-6Al-4V material during FSW process is analyzed. Based on the 
thermal history results, the temporal evolution of material microstructure is derived. 
In Chapter 4, a robust and cost effective methodology for FSW of military vehicle 
structures is developed. To prove the validity of the computational procedure for analyzing 
aluminum alloys (AA5083 and AA2139), the numerical results obtained are compared with their 
experimental counterparts.   
In Chapter 5, the main conclusions pertained to the present work and suggestions for 
future work are presented. 
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CHAPTER 2 
COMPUTATIONAL INVESTIGATION OF FRICTION-STIR WELDING OF AA5083-H116 
MATERIAL  
 
2.1. Abstract 
An overview of the Friction Stir Welding (FSW) process and the associated phenomenon 
like heat and mass transfer are given. Then a computational investigation of FSW process of 
aluminum alloy is modeled using a fully-coupled thermo-mechanical finite-element procedure 
developed in a prior work.  The work-piece material is AA5083-H116 (strain-hardened and 
solution-strengthened aluminum alloy). Interactions between dynamic-recrystallization and 
plastic-deformation are accounted in the analysis to properly model the material-microstructure 
development in the center of the weld (weld nugget). In the analysis model, properly accounting 
for the material behavior under extreme conditions of temperature and plastic deformation 
considerably enhances the quality of results provided by the computational analysis. 
2.2. Introduction 
 Friction-stir welding (FSW) is a metal joining process (solid-state joining) that was 
invented by Thomas at The Welding Institute in the United Kingdom in the year 1991[2.1]. 
Friction-stir welding (FSW) is generally used in the case of joining metallic materials where the 
original material properties/microstructure needs to be preserved to a maximum possible extent 
[2.1-2.3]. A non-consumable rotating tool is forced to advance along the contacting surfaces of 
two plates that are rigidly butt clamped. In this process, as shown in Figure 2-1(a), the tool 
consists of a pin (cylindrical in shape and threaded) capped with a tool shoulder. During the 
joining process, the tool shoulder makes a strong contact with the top surface of the two butt-
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clamped plates (workpiece) and the two butt-clamped plates are well supported by a backing 
plate. The tool rotation and advancement causes frictional-energy dissipation at the 
workpiece/tool and the workpiece/pin contact interfaces and results in heat generation at these 
contact interfaces. The heat generation subsequently causes a rise in temperature of the material 
and results in the softening of the material near these contact interfaces. The advancement of the 
tool along the butting surface of the clamped plates causes the softened material ahead of the tool 
to undergo extensive deformation. The deformed material is transported around the tool and gets 
forged at the rear of the tool to produce the weld. Apart from butt joint, FSW can be used to 
produce other joints like lap and T joints. 
 Since its invention in 1991 [2.1], FSW has gained the preference for welding Aluminum 
components. FSW’s application in joining difficult-to-join metals is undergoing a gradual 
expansion. FSW is widely used in transportation (automotive, aerospace, marine, etc.) industry.  
When compared with the traditional fusion welding processes, FSW provides a multitude 
of advantages like: (a) excellent mechanical properties of the weldments; (b) Absence of molten 
material splatter and toxic fumes provides enhanced safety; (c) easy to automate process; (d) 
consumable materials like filler metal or gas shielding are not required; (e) since there are no 
weld pools associated with this process FSW has the capability to be operated in all positions like 
vertical, horizontal, orbital, overhead, etc; and (f) low impact of the environment on the process; 
Nevertheless, the disadvantages of FSW process are: (a) comparatively large weld plates 
clamping force and tool pressing-down force are required; (b) lower welding rates comparative to 
the fusion-welding techniques; (c) the process is complicated to implement for variable-thickness 
welds and non-linear welds; and (d) FSW leaves an exit hole at the end of the operation when the 
tool is removed from the workpiece. 
When considering the FSW process, a distinction between the advancing side (side in 
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which the rotating tool’s peripheral velocity coincides with its transverse velocity) and the 
retreating side (side in which the rotating tool’s peripheral velocity is in opposite direction with 
its transverse velocity) of the weld is often made. It is usually considered that the advancing side 
and the retreating side have an asymmetric heat transfer, material flow and material 
microstructure/properties [2.48].   
FSW process consists of complex relations and competition between a variety of thermo-
mechanical processes like material transfer/flow, frictional energy dissipation, dynamic 
recrystallization, plastic deformation and related heat dissipation, etc. [2.49-2.52]. The presence 
of the following four types of zones is normally revealed by the metallographic test of the FSW 
weldments, Figure 2-1(a): Unaffected zone - A region with unaltered material 
properties/microstructure that is far away from the weld region; (b) Heat affected zone (HAZ) - A 
region where the material properties/microstructure is solely affected by the thermal effects 
caused by FSW; (c) Thermo mechanically affected zone (TMAZ) – This region is closer to the 
weld plates contact surface when compared with HAZ and therefore the material properties are 
dictated both by the mechanical and thermal effects associated with the FSW process. Although 
this zone undergoes severe plastic deformation the original grain are preserved in this zone; and 
(d) Weld nugget – This forms the centermost zone of the FSW weld. The pattern of the material 
transfer associated with the FSW causes the formation of the so called “onion-ring” features. Due 
to extreme plastic deformation, extreme temperature and the associated dynamic recrystallization, 
this zone develops a very fine material microstructure.    
The heat transfer associated with the FSW process takes place not only through 
conduction but also through transfer of hot material from the front of the tool to its rear. The 
characteristic of this heat and mass transfer depends on the material properties of the workpiece, 
geometry of the tool and the process parameters of FSW. Dynamic recrystallization of the 
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transferred material and extensive plastic deformations are associated with the mass transfer. The 
measured values of the attendant strain rates are an extreme 10 s
-1
 [2.53, 2.54]. 
The primary FSW process parameters that dictate the efficiency of the process and the 
quality of the weld are: (a) translational and rotational tool velocities; (b) plunge depth of the tool; 
(c) tool design; (d) tilt angle of the tool; and(e) tool material. In general, lower translational and 
higher rotational velocities of the tool are associated with higher temperatures of the work piece. 
Therefore, it is vital that the subtle balance between the rotational and translational velocities is 
obtained.  If the workpiece temperature is not sufficiently high and the material is not adequately 
softened, the low ductility of the material may cause the weld zones to develop defects and flaws. 
On the other hand extreme temperature of the material may cause detrimental changes to the 
material properties and material microstructure and can result in melting flaws during welding. 
The tool plunge depth has to be correctly set in order to make sure that the tool fully penetrates 
the workpiece and the required amount of workpiece/shoulder contact pressure is obtained. 
Normally, the inadequate tool plunge depth results in inadequate forging of the transported 
material from the front to the rear of the tool and thereby causes poor quality welds. On the other 
hand, the extreme tool plunge depths typically results in under-matched weld thickness in 
comparison with the base material thickness. It has been often observed that a tool rearward tilt 
angle of 2-4 degrees improves the forging process at the rear of the tool and thus proves 
advantageous in producing good quality welds. 
The primary objectives of this work are the following:  An overview of the FSW process is 
outlined. The relationship between process parameters and weld quality is addressed.  The factors 
that affect the weld quality like the heat transfer, mass transport and microstructure development 
during FSW are discussed. Then the computational analysis of FSW of AA5083-H116 work-
piece is carried out using a previously developed fully-coupled thermo-mechanical finite-element 
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methodology [2.5]. AA5083-H116 alloy’s material-microstructure development is comparatively 
simple and it is primarily governed by dynamic recrystallization and plastic deformation. This 
simplicity is because of the fact that AA5083-H116 is a non-age-hardenable alloy. The material-
microstructure development of age-hardenable alloys is relatively complex due to the presence of 
additional phenomenon like precipitate coarsening, re-precipitation and dissolution.   
 
 
Figure 2-1. (a) A schematic representation of the Friction Stir Welding (FSW); (b) The Primary 
zones in a typical FSW joint 
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2.3. FSW Process overview 
2.3.1. FSW Process -Heat Generation 
The heat generation during FSW process takes place by the following process [2.6-2.13]: 
(i) due to frictional sliding between the work-piece and the tool; (ii) work-piece material’s plastic 
deformation; (iii) recrystallization and microstructural recovery. About 5% of the Plastic 
deformation stores energy by creating dislocations and increasing the surface area of sheared 
precipitates and the rest are dissipated as heat. The heat generation can be represented by the 
following mathematical models:   
The heat generation due to friction between the tool and the workpiece depends on their 
relative velocity ( rv ). When w is the rotational speed of the tool, r is the radial distance from the 
axis of the tool, U is the travel speed of the tool and θ is the angle between the direction of tool 
travel and the radial direction, the relative velocity can be represented as: 
sinUwrvr            (2.1)  
 The heat generation rate caused by the friction between the tool and the work-piece over 
a contact surface area dA ( fed  ) can be defied in terms of their relative velocity ( rv ), kinetic 
friction coefficient ( f ), the extent of interfacial slip ( ), and the contact pressure between the 
tool and the work-piece( p  ) as [2.14]:  
dApved frf ....           (2.2)  
 When  =1.0, no sticking takes place and the heat generation is due to friction. The 
sticking of the work-piece material to the tool takes place for  =0.0 and the heat is generated due 
to the plastic deformation of the work-piece material sticking with the tool. The heat generation 
for  =0.0 can be represented as a function of material shear strength ( y ):  
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dAved yrs ..).1(           (2.3)  
where 3/yy    and y  is the material yield strength. 
 Apart from the plastic deformation of the work-piece material sticking with the tool, 
plastic deformation of material around the tool and the work-piece interface also produces heat. 
When the plastic work-piece material is assumed to be a non-Newtonian fluid, the heat generation 
for an elemental volume dv, can be written as:  
dvd p ...            (2.4)  
where  plasticized work-piece material’s viscosity,  is the fraction of plastic 
deformation work converted into heat,   is  
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where iu represents the material velocity and ix  represents the spatial coordinates.   
If the work-piece material is considered as an elastic-plastic solid material, the heat 
generation rate caused by the plastic-deformation work can be defined as: 
dved ijpijs    .            (2.6)  
where ij   represents the stress and ijp.  represents the plastic strain-rate. The repeated indices (i 
and j) implies summation operation. 
 Experimental validation of the above presented models of heat generation by direct 
measurements is carried out in a work done by S. Xu et al. [2.15]. 
2.3.2. FSW Process- Heat and Mass Transport 
It can be assumed that during the welding operation of the FSW process (i.e., excluding 
tool insertion/extraction and initial dwell) the heat and mass transport occur under steady state 
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conditions. The spatial distribution and temporal evolution of the temperature and velocity can be 
obtained computationally by solving the conservation equations for a single phase in-
compressible material.  
Mass Continuity Equation 
 For an incompressible work-piece material, the conservation of mass equation is defined 
as: 
0


t
ui           (2.7)  
Conservation of Momentum Equation 
 The momentum conservation equation is defined as: 
1x
u
U
x
u
x
u
xx
P
x
uu j
j
i
i
j
iji
ji
























       (2.8)  
where P is the hydrodynamic pressure which causes the material flow of the work-piece. 
The boundary conditions (the velocity components: u-along the welding direction, v-
along the direction that is in the same plane and perpendicular to welding direction and w – along 
the direction through the thickness) at the contact surfaces between the tool and work-piece are 
defined as: 
)sin)(1( Uru   ;  cos)1( rv  ; w      (2.9)  
where   represents the pitch of the threads in the tool-pin. 
 
Conservation of Energy Equation 
 The conservation of energy equation for the work-piece material is defined as: 
11 
 
b
ii
p
i
i
p S
x
T
k
xx
T
UC
x
Tu
C 


















1
)(
       (2.10) 
where ρ density of the work-piece material, pC specific heat at constant-pressure, 
iu (i=1,2,3) components  of material velocity, k is the thermal conductivity, T is the temperature,  
  dvdS pb /  is the heat generation rate per unit volume caused by the plastic-deformation 
(away/around from the contact surface of the tool and the work-piece). 
 The heat generated by the interaction between the tool and the work-piece is shared 
between the tool and the work-piece based on their thermo-physical properties as [2.16]: 
2/1
2/1
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)(
Tp
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W
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Ck
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f


          (2.11) 
where subscripts W represents the work-piece material and T  represents the tool material. 
 The thermal boundary conditions for the work-piece surface in contact with the air, needs 
to be defined. The conduction and radiation of heat fluxes are taken into consideration. It can be 
written as 
)()( 44 aa
top
TThTT
z
T
k 


         (2.12) 
where   represents the Stefan-Boltzmann constant,   represents the emissivity, aT represents the 
ambient temperature and h represents a heat-transfer coefficient. 
 
The thermal boundary conditions for the work-piece surface in contact with the metallic back 
plate are represented as follows: 
)( ab
bottom
TTh
z
T
k 


         (2.13) 
where bh represents an “enhanced” heat transfer coefficient (for the work-piece bottom surface). 
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Estimation of Material Parameter 
The accuracy of the values used for various parameters in the above described model 
dictates the quality of results given by these models. The methods used to estimate and validate 
the above mentioned parameters and their dependence on the properties work-piece material(s) 
and FSW process parameters can be found in a paper by Nandan et al. [2.4]. 
2.3.3. Material Flow and Formation of Joint 
A number of experimental and computational research efforts have revealed the three 
main components of material motion in the work-piece during FSW process [2.17-2.20]: 
(i) The thermally-deformed work-piece material is extruded around the rotating tool, as 
the tool travels along the weld line; 
(ii) Due to the frictional forces between the tool and the work-piece a layer of the work-
piece material sticks and rotates with the tool; 
(iii) Threaded pins of the tool pushes the material in the downward direction and, as the 
work-piece material is incompressible,  the work-piece material flows upwards at a region further 
away from the tool pin; and 
(iv) The shoulder scrolls help in holding the work-piece material as it is being stirred. 
They also help in directing the material from the periphery of the tool to its pin. 
It was clearly demonstrated that the thermally-plasticized material is sheared off the 
advancing side and transported around the retreating side and deposited in the region behind the 
tool, forging the welded joint. 
Material velocity field details are computationally derived [2.40,2.41] and practically 
verified by inserting marker material in the work-piece and estimating their change in position 
due to welding [e.g. 2.21-2.22].Such fields are also obtained using shape and size of TMAZ 
[2.23], measuring the size of grains which relates with the local strain rates and material 
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velocities [2.24]. Further, measuring the torque of the tool, it is correlated with the local shear 
strengths [2.25]. The above mentioned research works provide the following detail regarding the 
FSW process and the velocity profile around the tool:         
(i) Around the tool there is a rotational material zone. The width of this zone is bigger in 
the top and this width is dependent on the material property of the work-piece, the tool and the 
welding process parameters; 
(ii) In the region outside the rotational material zone the material transport from the front 
to the rear of the tool takes place chiefly in the retreating side. Often in the advancing side of the 
weld, a stagnant zone or a flow-reversal zone is identified; 
(iii) The highest material velocities are observed in the top surface of the work-piece 
(beneath the tool shoulder) and the region in direct contact with the tool (work-piece tool 
interface). The material velocity decreases through the depth and away from the work-piece/tool 
interface directions. 
The other observations of material transport during FSW that are worth mentioning are 
the following:  
(i) When the FSW of dissimilar-alloy is considered, striations of the alloys can be 
identified. This is due to the fact that material mixing in FSW does not occur in the atomic level; 
and 
(ii)The so called “onion-rings” feature present in the transverse section of a FSW weld 
nugget zone is produced by the nature of the material velocity field and its influence on 
microstructure evolution of the work-piece material.   
2.3.4. Temperature Fields and Cooling Rates of post-welded material 
The temperature fields and cooling rates of the post-welded material can impact the material 
microstructure/properties of the different weld zones. The review of the experimental work and 
14 
 
computational analysis pertaining to the above aspect of the FSW revealed the following [e.g.2. 
4,2.14,2.28,2.29]: 
 (i) Since FSW is a solid-state joining process, the observed peak temperatures are 
considerably lower when compared to that of the fusion welding processes; 
 (ii) The diffused nature of the heat source and the lower speeds of welding result in lower 
cooling rates of the post welded material;   
 (iii) The higher temperature zones are found in the so called “advancing side” of the 
weld; 
 (iv) When considering the longitudinal direction of the weld, the temperature distribution 
is typically non-symmetric. The higher temperature regions are found in the front side of the 
travelling tool; and  
 (v) The material flow significantly contributes to the heat transport(convective heat 
transfer) in the FSW process; and 
2.3.5. Process Parameters of FSW  
 The FSW process parameters that chiefly control the weld quality and process efficiency 
are (i) tool travel speed; (ii) tool rotational speed; (iii) The pressure applied to the tool(vertical); 
(iv) tilt angle of the tool; and (v) tool design. The process parameter controls the rate of heat 
generation, the temperature field, the rate of cooling, travel force of the tool and the tool torque 
[2.28, 2.29]. 
  Increase in tool rotational speed and applied contact pressure causes the rise in the peak 
temperatures in the work-piece. Increase in welding speed (tool travel speed) decreases the 
temperature. The torque of the tool is dictated by the shear strength of the weld material which in 
turn decreases with increase in temperature. Therefore the above mentioned factors that dictate 
the temperature also control the welding torque. 
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 The FSW process parameters and the physical properties of the work-piece material 
control the weld quality.   
2.3.6. The Impact of FSW Tool Design 
Tool design significantly affects the FSW process (generation of heat, material transport, 
and weld quality) [2.30-2.33]. The majority of the heat generation in FSW process is attributed to 
the tool shoulder. The tool shoulder and pin dictate the material transport and quality of weld. 
Therefore, a considerable amount of research is carried out in identifying tool designs that 
improves FSW process and welds. Typical FSW designs include features (flutes, taper pins and 
threads) that promote vertical material transport and increase heat generation at the tool-pin work-
piece interface.  
2.3.7. FSW Defects and Flaws 
Poor selection of the FSW process parameters can lead to various defects in the weld 
nugget region and the interface between the TMAZ and weld nugget [2.34-2.38]. The typically 
identified flaws include: (i) worm-holes resulting from inadequate stirring of the material; (ii) 
micro-cracks and voids chiefly found in the TMAZ/weld-nugget interface resulting from the 
excessive difference in the material properties of in this interface region; (iii) presence of “local 
soft spots” resulting from the excessive heating and melting of the work-piece material; and (iv) 
flash tunnels caused by the excessive heating at the tool work-piece contact interface. Identifying 
the correct process parameters can reduce these defects and flaws.  
2.3.8. Post Residual Stresses 
 The FSW process is highly non-uniform in nature. The distributions of temperature, 
plastic strain and material microstructure are non-uniform in nature. This non-uniformity results 
in residual stresses in the welded work-piece. It is critical to identify and understand the 
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relationship between the FSW process parameter and the residual stress distribution as the 
residual stresses promotes crack initiation and evolution resulting in catastrophic failure [2.39-
2.41].  
 The experimental and computational efforts on the residual stress distribution due to 
FSW process reveal the following [2.42]: 
 (i) The stresses in the longitudinal direction is higher than that found in the transverse 
direction; 
 (ii) The weld nugget region experiences tensile residual stresses while the other regions 
experience compressive residual stresses; 
 (iii) The stress distribution along the longitudinal direction is fairly symmetric while that 
of the transverse section is highly asymmetric; 
 (iv) The increase in the speed of welding causes the temperature gradients to be steeper 
and results in an increase in peak residual stresses; and 
 (v) The residual stresses are relived due the tool’s stirring action and cause the nugget-
TMAZ interface to experience the peak residual stresses [2.43]. 
2.4. Computational Procedure 
The present work utilizes the fully-coupled thermo-mechanical finite element procedure 
developed in a prior work [2.5]. A concise overview of the computation procedure is provided in 
this section. A detailed explanation can be obtained from Ref [2.5]. 
2.4.1. Model geometry and meshes 
Figure 2-2(a) and (b) shows the geometrical models of the tool and the work-piece. To 
make the analysis simple, the work-piece is assumed to be in a “perfect clamping” condition and 
therefore as a single part. The solid circular plate (work-piece) has a radius of 40.0mm and is 
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3.0mm thick. It will be elucidated later that the circular plate depicted in Figure 2-2(a) efficiently 
equates a circular region (of the work-piece) around the tool of an infinitely long work-piece as 
the analysis uses the Arbitrary Lagrangian-Eulerian (ALE) formulation. The circular plate has a 
3.0mm radius through-the-thickness hole in its center. The model for the FSW tool consists of a 
lower cylindrical pin of 3.0mm radius that is capped by a circular disc-shaped shoulder. The 
shoulder’s bottom surface has an inward draft angle of 9.5 degrees with reference to the tool’s 
horizontal axis. 
 Approximately 9000 first-order eight-noded hexahedral thermo-mechanically coupled 
solid elements with reduced integration point were used to mesh the work-piece geometry. The 
tool geometry used approximately 2000 first-order four-noded shell elements with reduced-
integration point. One single node heat-capacity element was used for modeling the thermal 
properties of the tool.  
 
2.4.2. Fully-Coupled Thermo-Mechanical Finite Element Analysis 
 A fully-coupled thermo-mechanical analysis was used to study the FSW process. The 
nodal velocities and the nodal temperatures are the nodal degrees of freedom in this analysis. A 
two way fully coupled formulation of solid-mechanics and heat-transfer aspects are used in this 
analysis. Therefore, the thermal analysis considers the work of frictional sliding and the work of 
plastic deformation as heat sources and the temperature dependent material properties for the 
solid-mechanics analysis. 
 The following initial conditions are applied in the computational analysis: The tool has a 
zero translational velocity. The rotational speed of the tool is held within a range of 200-400rpm. 
The initial temperature of the tool and the work-piece is set to 298K. 
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Figure 2-2. (a) Geometric model of FSW tool (section view); and (b) Geometric model of FSW work-
piece (All units are in mm). 
 
 
 The following boundary conditions are applied in the computational analysis: The bottom 
surface of the work-piece is constrained along the direction of the thickness. The initial angular 
velocity of the tool is retained throughout the analysis. Over the interface between the work-piece 
and the tool-shoulder a 70MPa constant contact pressure is assigned. The translation of the work-
piece along the weld-line direction starts after 2 seconds and a constant material-flow velocity is 
applied along the direction of weld. Thereby, the translation of the tool over the work-piece is 
achieved. For parts of the work-piece surfaces that are not touching the tool, a thermal boundary 
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condition of heat-convection is applied. Along the interfaces between the work-piece/backing-
plate and work-piece/air, typical heat transfer coefficient value is applied. 
 A relaxed hourglass-stiffness algorithm was utilized to handle the possible hour-glassing 
problem related with the utilization of elements with reduced integration point and the work-piece 
material’s incompressible characteristic of the plastic deformation.  
 The tool/work-piece interaction is enforced along their contact surface (tool-shoulder 
bottom surface and work-piece top surface; pin outer surface and the surface of the hole in work-
piece).  
The commercial FEA package, ABAQUS/Explicit was used to perform the analysis [2.44].        
2.4.3. Material Models for FSW tool/work-piece 
Since the tool is considered rigid, except for the density no other mechanical properties are 
applied for the FSW tool. The thermal capacity of the FSW tool had to be specified as the tool 
acquires a part of the heat generated by the interfacial slip between tool and work-piece, during 
the FSW process. The temperature-invariant thermal properties and the density of a typical tool 
material (hot-worked tool steel – AISI H13) is used to calculate the tool’s thermal capacity [2.55]. 
 As previously mentioned, the work-piece material is made of AA5083-H116. Typically, 
FSW is employed for welding age-hardened Al-alloys like AA6061-T6. But the microstructure 
evolution during FSW of age-hardened Al-alloys is likely to be very complex. This is because, 
the precipitates have an unstable nature (exposure of alloy to high temperature can make the 
precipitates experience partial or complete dissolution and thereafter upon cooling can reappear in 
different forms, crystal structures and number density). AA5083 is an Mg/Mn solid-solution 
hardened alloy. It has a typical chemical composition of 4.5 wt. % Mg, 0.75 wt. % Mn, and 0.15 
wt. % Cr. H116 temper condition of AA5083 is strain hardened and stabilized to attain the 
required level of over-aging/aging resistance. Though this alloy contains Al6Mn precipitates, due 
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to the aforesaid heat- treatment that stabilizes the precipitates, it is comparatively resistant to 
coarsening and dissolution. Therefore, during the Friction-Stir-Welding process, the precipitates 
of the microstructure can be considered to remain unchanged. 
 The mechanical and thermal properties are the following for the work-piece (AA5083-
H116): The material for the work-piece is assumed as isotropic linear-elastic material with a 
density (ρ) of 2700kg/m3. Furthermore, the material plasticity is assumed to be strain-hardenable, 
thermally-softenable (reversible) and strain-rate dependent. The mechanical response of the 
above mentioned type of materials is given by the following relations: (i) the initiation and 
evolution of plastic deformation is defined by a mathematical relation called the yield criterion; 
(ii) Once the plastic deformation begins, the rate of change of plastic-strain components is given 
by a flow rule; (iii) once the plastic deformation, rate of plastic deformation and temperature are 
know, a constitutive law is used to evaluate the material strength based on these known 
quantities. The following mechanical-models were used for the work-piece material used in the 
current study (AA5083-H116): 
Yield Criterion 
The material yielding is specified using the Von Mises yield criterion. According to this criterion, 
the yield strength of the material ( y ) must be equal to the equivalent stress ( ), i.e.: 
023  yijijyyijf  )/(),(        (2.14) 
where the yield function is denoted by f, ij   represents the deviatoric components of stress and ij   
represents the deviatoric components of strain.  
Associated flow rule 
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The associated flow rule considers the yield function to be equivalent to the plastic potential 
function and the plastic-strain rate (
pl ) as a function of a plastic-multiplier ( ) times the yield 
functions stress-gradient. The flow rule is given as: 
ij
pl
d
df



            (2.15) 
Constitutive equation/law 
The present analysis utilizes the Johnson-Cook model [2.45] as the constitutive equation to 
represent the plasticity of the material. This model is typically used to represent the plasticity of 
metals that are subjected to high-strains, high-strain rates and extreme temperature. The AA5083 
H116 alloy is subjected to such extreme conditions during FSW process. The Johnson-Cook 
model defines the flow stress of the material ( y ) as a function of equivalent plastic strain (
pl ), 
plastic strain rate ( pl ), reference plastic strain rate ( plo
 ), material constants (A, B, C1, m and n) 
and homologous temperature that is based on room temperature (TH = (T-Troom) / (Tmelt-Troom), 
where T is temperature, Troom is the room temperature and Tmelt is the melting temperature of the 
material). The model is given as: 
   mHploplnply TCBA  1)/log(1)( 1        (2.16) 
 The Johnson-Cook material model considers that the plastic-deformation fully controls 
the equivalent plastic strains evolution. But the present analysis considers that the evolution of 
plastic-strain is controlled not only by the plastic-deformation but also by dynamic-
recrystallization. Section 2.5 gives a detailed description regarding the modification made to the 
Johnson-Cook material model.    
Stress State Integration 
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 The rate form of Hooke’s law states that the stress rate ( ij ) is equal to the elastic strain 
rate tensor ( el ) multiplied by a elastic-stiffness tensor ( ijklC ). Here the total strain rate (  ) is 
assumed to be a sum of a elastic strain rate tensor ( el ) and a plastic strain rate tensor ( pl ). This 
can be written as 
pl
klijklklijkl
el
klijklij CCC            (2.17) 
The above equation is integrated to determine the stress state. 
During each step of the loading, the stress state can be determined by solving Eqs. (2.14)- (2.17) 
(with the known value of total strain rate (  )) and numerically integrating the stress rate ( ij ). 
Thermal Properties 
 The following thermal properties (microstructure-invariant and temperature-invariant) are 
defined for the material: specific heat (cp) =880J/kg.K and thermal conductivity (k) =120W/m.K. 
2.4.4. Interactions and Contact between Tool and Work-Piece 
 A “penalty contact algorithm” was used to define normal interactions between the work-
piece and the tool. This algorithm allows the penetration of surface of one body into another and 
the depth of penetration is used to determine the resistance value to penetration. Thus the 
contacting bodies attain an equilibrium position with no/negligible penetration. The shear 
interaction between the tool and the work-piece is defined using a static friction coefficient (µs), 
kinetic friction coefficient (µk) and a slip/stick critical shear-stress value (the maximum value of 
equivalent shear stress that can be achieved before sliding takes place between contacting 
surfaces). A typical value of 0.3 is assigned for both the friction coefficients (µs, µk). The 
modified coulomb friction law was used to define the slip/stick critical shear-stress. The lesser 
value among (a) the product of contact pressure and friction coefficient (b) shear strength of the 
softer material.  
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Frictional-slip/sliding is considered to generate heat at the contact interface between the 
tool and the work-piece. The heat generated per unit time at a unit contact surface area (q) is 
assumed to be equal to the product of the slip rate ( dtds / ), the interface shear stress ( ) 
magnitude and frictional-slip energy to heat conversion coefficient. It is written as: 
)/( dtdsq             (2.18) 
The heat generated is assumed to be shared equally between the work-piece and the tool. 
2.4.5. Computational Cost of the analysis 
 The computational analysis of complex process such as FSW can be computationally 
intensive. The explicit finite element analyses uses time increments shorter than the stable time 
increment (conditionally stable) and therefore complex analyses can be very time consuming. In 
the case of the fully-coupled thermo-mechanical analysis, the analysis stable time increment is the 
minimum among the stable time increments of the thermal and the mechanical problems. 
 The stable time increment of the structural problem is given as:   
d
mech
c
l
t minmax,           (2.19) 
and, 
/Ecd             (2.20) 
where minl  is the edge length of the smallest element in the analysis model, dc is the sound speed 
for the material and E  is the material’s Young’s modulus. The sound speed for Aluminum alloys 
is approximately equal to 5100 m/s. The smallest element size in the model is approximately 
equal to 0.6mm. The stable time increment value will be ~1.0∙10-7s. If the analysis was setup for 
20s then the total time increments will be around 2∙108. Since the computational requirements for 
the analysis was too high, a computational procedure called “mass-scaling” was used to increase 
24 
 
the stable time increment for the analysis. This algorithm artificially increases the mass of the 
elements in order to raise the stable time increment. This algorithm does not modify the thermal 
effects in the problem. The value for the scaling is set so that it does not affect the quality of the 
solution for the structural problem. The typically recommended rule of maintain the ratio of 
kinetic-energy to internal-energy under 10% was followed to ensure good quality results. 
 The stable time increment of the thermal problem is given as:   
2
2
min
max,
l
t therm           (2.21) 
where minl  is the edge length of the smallest element in the analysis model and   represents the 
thermal diffusivity. The stable time increment for the thermal problem of FSW is estimated 
approximately as equal to 1.0∙10-3s. It must be noted that the thermal stable time increment is 
greater that of the structural problem and the analysis stable time increment is dictated by the 
structural problem.  
2.4.6. ALE (Arbitrary Lagrangian-Eulerian) Formulation 
 The material undergoes extensive deformation and motion during the FSW process. The 
pure Lagrangian formulation cannot accommodate extensive deformation and can result in 
numerical instabilities. Though the pure Eulerian formulation can accommodate such large 
deformations, the quality of its results is poorer than that of Lagrangian formulation. Also the 
Eulerian formulation is computationally expensive. Therefore an ALE formulation is used in this 
analysis. The ALE algorithm re-meshes the model after a specified number of time increments 
and ensures that the model-mesh is of good quality. 
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2.4.7. Johnson-Cook Material Model Modification 
A modified model of the Johnson-Cook model is used in the present study. The Johnson-Cook 
model yield criterion is defined as a function of equivalent plastic strain ( pl ), rate of equivalent 
plastic strain ( pl ), reference value of equivalent plastic strain ( plo
 ), thermal softening 
parameter (TH= (T-Troom)/(Tmelt-Troom), where Troom is the room temperature and Tmelt is the 
melting point of the alloy) and material constants (A, B, n) [2.45]: 
   mHploplnply TCBA  1)/log(1)( 1         (2.22) 
Kelvin is the preferred temperature scale. Ref. [2.56] provides a summary of model parameters 
(for AA5083-H116) of the Johnson-Cook material model.    
 When considering the Johnson-Cook model Eq. (2.22), the temperature component only 
considers the reversible effects that promote the plastic deformation. Since the FSW stir zone is 
subjected to near melting temperatures it not only plastically deforms but also undergoes 
annealing. Thus the material in the stir zone undergoes dynamic recrystallization and results in 
lower strength stir zone in comparison with the parent material. This effect is not considered in 
the Johnson-Cook model. 
The above mentioned short-coming of the Johnson-Cook model is overcome by using a modified 
Johnson-Cook model proposed in Ref. [2.5]. The effect of dynamic recrystallization is accounted 
in the original model by introducing a negative term in the equivalent plastic strain part. The 
contribution of dynamic-recrystallization in the evaluation of equivalent plastic strain 
( recdynplo _,,
 ) can be represented by the following term: 
 hpl Tq
recdynplorecdynpl e
/)(
_,,_,



        (2.23) 
The curve fitting procedure done on experimental recrystallization kinetics data for AA5083 
found in Ref. [2.46] yielded the following equation [2.5]: 
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 The effect of including the dynamic recrystallization term in the strength model of 
AA5083 is illustrated in the uniaxial tensile test results [2.5] as displayed in Figures 2-3 (a) – (c). 
The figures 2-3(a) – (c) imply that for higher values of Th (ex. Th=0.9) the effect of dynamic 
recrystallization is significant. When Th=0.5 (Figure 2-3(c)) both plastic deformation and 
dynamic recrystallization interact to affect the material strength. That is, higher plastic 
deformation induces higher amount of dynamic recrystallization, resulting in softer material. This 
is followed by softer material inducing more plastic deformation. This causes an oscillating 
behavior, typical for dynamic recrystallization. 
 
 
Figure 2-3. Strength vs. plastic strain (equivalent) curves for the original and the modified Johnson-
cook models. Results for uniaxial strain-rate of 0.001 s
-1
 Ref. [2.5] (For three different homologous 
temperatures: (a) θ =0.3; (b) θ =0.9; (c) θ=0.5) 
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Figure 2-3. Continued… 
 
 The recrystallization kinetics is modeled using the Johnson-Mehl-Avrami equation e.g. 
[2.47]. The volume fraction of recrystallized material (as function of time) represented in the 
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Johnson-Mehl-Avrami equation is characterized using an S-shaped curve. The S-shaped curve 
starts from a non-zero value of annealing time (after the incubation period), follows the S-shaped 
curve and ultimately reaches the volume fraction of unity, Figure 2-4. The steep inner part of the 
S-curve covers most of the volume fraction of recrystallization material and can be assumed to be 
linear for simplicity. The slope of this linear region is considered to be a function of equivalent 
plastic strain and the temperature. recdynpl _,
  is assumed to scale linearly with recrystallization 
rate to obtain Eq. (2.23).       
 
 
 
Figure 2-4. Experimental results [2.46] and the fitted results [2.5] - recrystallization kinetics of 
AA5083 
 
 The modified Johnson-Cook model proposed in Ref. [2.5] is implemented in a user 
subroutine (VUMAT – FORTRAN file) and linked with ABAQUS/Explicit FEA solver. 
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2.5. Results and Discussions 
2.5.1 Computational Results 
 The typical results from the fully-coupled finite element analysis of the FSW process of 
AA5083-H116 are presented and discussed. The temporal evolution and spatial distribution of 
different material parameters like stress and strain, equivalent plastic strain, temperature, material 
velocity, local strength of material, tracer particles trajectory denotes the path traced by the 
material as it is stirred by the rotating tool. The important results are the following:  
Spatial Distribution of Equivalent Plastic Strain 
The typical spatial distribution of equivalent plastic strain in FSW welded work-piece along with 
its temporal evolution is illustrated in Figures 2-5 (a)-(d) . Examination of the spatial distributions 
of equivalent plastic strain at different time period reveals the following:  
 (i) The equivalent plastic strain values (ranges from 20 to 50) depend on the FSW process 
parameters like tool rotational speed, tool translational speed, contact pressure of the tool; 
 (ii) The equivalent plastic strain values are the highest in the region of work-piece 
beneath the tool shoulder. From the top of the work-piece the equivalent plastic strain values start 
to decrease as observing in through the thickness direction. Similarly the equivalent plastic strain 
values decrease while observing in radial direction from tool center; 
 (iii) The equivalent plastic strain distribution is asymmetric in nature considering the 
work-pieces butting surface. The asymmetry is caused by the transport of material from the 
advancing side of the weld to the retreating side; and 
 (iv) The observed values of equivalent plastic strain gets increased and their differences 
along through-the- thickness direction gets decreased when the work-piece/tool contact pressure 
is increased and/or Translational speed of the tool gets decreased. This observation suggests the 
influence of FSW process parameters in the plasticized work-piece material mixing. 
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Figure 2-5. Spatial distribution of the equivalent plastic strain during FSW at different time period: 
(a) time step - zero; (b) at complete tool- insertion; (c) time step -7s; and (d) time step -14s. Range of 
equivalent-plastic strain: 0.0 to 50.0 (blue to red) 
 
Trajectories of Tracer Particles 
 Figures 2-6(a)-(d) displays the position of tracer particles at different time period. The 
tracer particles are placed in the middle plane (considering along the through-the-thickness 
direction) of the work-piece. Since the analysis employs ALE algorithm, the distorted mesh is 
replaced by a re-meshing procedure. Therefore to track the material motion during FSW process, 
the so called “tracer particles” available in ABAQUS/Explicit are employed. The figures 2-6(a)-
(d) and the analysis results explain the following regarding the FSW process:   
 (i) The work-piece material can be transported from the advancing side to the retreating 
side either by directly moving around the tool or can stick and rotate with the tool for a few 
cycles before being mixed with the retreating side material;  
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Figure 2-6. Location of two material particle points in the advancing side at four consecutive 5s 
intervals 
 
 (ii) The material in the advancing side that is far from the tool center flows around the 
around the tool or enters the stir/nugget zone; and 
 (iii) The retreating side material predominantly does not enter the nugget/stir zone. It 
flows around the tool. 
 
32 
 
 
 
 
Figure 2-6. Continued… 
Temperature Distribution 
 The spatial distribution of temperature along the longitudinal and transverse directions of 
the work-piece is displayed in Figures 2-7 (a) and 2-7 (b), respectively. The temperature 
distribution results from this analysis explain the following regarding FSW process:    
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Figure 2-7. Temperature distribution along sections (a) longitudinal; and (b) transverse.  Range of  
temperature: 25ºC to 400 ºC (blue to red)  
 
 (i) The temperatures in the weld zone vary from 350°C to 450°C depending on the FSW 
process parameters; 
 (ii) The material beneath the tool shoulder records the highest temperature; The 
temperature decreases with increasing distance from the tool shoulder/pin; 
 (iii) The temperature distribution is asymmetric when viewed along the transverse 
direction; and 
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 (iv) The work-piece material temperature increases with increased rotational speed of the 
tool and tool contact pressure. The difference in temperature between the top and bottom side of 
the work-piece also gets reduced.  
Residual Stress Distribution 
 The FSW process can produce residual stresses in the welded components. The presence 
of these residual stresses can greatly affect the performance of the welded structures. Therefore it 
is vital to analyze the spatial distribution and temporal evolution of residual stresses. The residual 
stress analysis cannot be performed using ABAQUS/Explicit because; the procedure is 
computationally expensive and will yield poor quality results. Therefore, ABAQUS/Standard is 
used to perform a fully coupled thermo-mechanical quasi-static analysis. The result from the 
previous analysis step is used in the residual stress analysis. The FSW tool is removed from the 
analysis model, as it is unnecessary during this analysis. The boundary conditions are also 
removed. The temperature of the work-piece material is progressively decreased until room 
temperature is reached. 
 Figures 2-8(a)-(b) represents the residual stress distribution results along longitudinal and 
transverse direction of a typical residual stress analysis. The residual stress analysis reveals the 
following:  
 (i) The residual stresses tend to increase with increase in tool translational and rotational 
speed.  
 (ii) The max. Residual stresses are higher along the longitudinal direction when 
compared with the values along transverse section; and 
 (iii) The magnitude of the residual stresses increase with decreasing distance from the 
work-piece butting face. But, the residual stresses in the weld nugget zone have a decreasing 
trend. This reduction can be attributed to dynamic recrystallization phenomenon. 
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Figure 2-8. Residual stress distribution along: (a) longitudinal and (b) transverse sections. 
 
2.6. Conclusions 
 The following main conclusions can be made based on the present work: 
 1.  The changes in the work-piece material properties during the FSW process are 
discussed. The heat and mass transport resulting from FSW process and its effect on material 
properties are reviewed. 
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2. A fully-coupled thermo-mechanical analysis of the FSW process of Aluminum alloy 
(AA5083-H116) work-piece material is carried out using ABAQUS/Explicit. 
 3. The residual-stress analysis of the weld is conducted using ABAQUS/Standard. The 
result produced by the FSW process analysis is used as the starting point to conduct this analysis. 
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CHAPTER 3 
COMPUTATIONAL ANALYSIS AND EXPERIMENTAL VALIDATION OF THE TI-6AL-4V 
FRICTION STIR WELDING BEHAVIOR  
 
3.1. Abstract 
A fully-coupled thermo-mechanical finite-element analysis of the Friction Stir Welding 
(FSW) process developed in a previous work is combined with the basic physical metallurgy of 
Ti-6Al-4V to predict/assess the structural response of the FSW joints.  A close examination of the 
experimental results reported in the open literature revealed that in most cases the Heat-affected 
Zone (HAZ) of the weld possesses the most inferior properties and tends to control the overall 
structural performance of the weld. Taking this observation into account, a microstructure-
evolution model was developed and parameterized for the Ti-6Al-4V material residing in the 
HAZ.  Specifically, this model addresses the problem of temporal evolution of the prior β-phase 
grain size (the dominant micro-structural parameter in the HAZ) during the FSW process.  This 
model is next combined with the well established property vs. microstructure correlations in Ti-
6Al-4V in order to predict the overall structural performance of the weld.  The results obtained 
are found to be in reasonably good agreement with their experimental counterparts suggesting 
that the present computational approach may be used to guide the selection of the FSW process 
parameters in order to optimize the structural performance of the FSW joints (at least while they 
are controlled by the HAZ-material microstructure/properties). 
3.2. Introduction 
Friction stir welding (FSW) is a solid-state joining process that was invented in 1991 by 
Thomas at The Welding Institute in the United Kingdom [3.1].  The basic concept behind the 
FSW process for the case of butt-welding is displayed schematically in Figure 3.1.  Essentially, a 
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non-consumable rotating tool (Figure 3.2) consisting of a pin (usually conically shaped and 
containing threads, flutes and flats) and a shoulder (usually containing scrolls or spirals) is forced 
to move along the contacting surfaces of two rigidly butt-clamped plates (the work-piece).  Heat 
dissipation associated with frictional sliding at the shoulder/work-piece and pin/work-piece 
interfaces as well as the plastic deformation caused by the rotating and advancing tool causes the 
work-piece material to soften to a temperature near the respective solidus temperature.  This, in 
turn, enables the tool to stir the surrounding material and cause its extrusion around the tool and 
its forging in the wake of the tool.  Since, the tool is rotating as it traverses along the butted 
surfaces, the FSW process is essentially asymmetric, i.e., one typically makes a distinction 
between the so-called advancing side of the weld (the side on which the peripheral velocity of the 
rotating tool coincides with the transverse velocity of the tool) and the retreating side (the side on 
which the two velocities are aligned in the opposite directions). 
 
 
 
Figure 3-1. (a) A schematic of the Friction Stir Welding (FSW) Process 
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Figure 3-2. Typical FSW tool used for joining high melting-temperature titanium-alloy grades.  
FSW normally involves complex interactions and competition between various mass and 
heat transport phenomena, plastic deformation and damage/fracture mechanisms and 
microstructure evolution processes [3.2-3.9].  Consequently, the material microstructure (and 
mechanical properties) in the weld region are highly complex and spatially diverse.  
Metallographic examinations of the FSW joints typically reveal the existence of the following 
four zones, Figure 3.3: (a) an unaffected (base-metal) zone which is far enough from the weld so 
that material microstructure/properties are not altered by the joining process; (b) the heat-affected 
zone (HAZ) in which material microstructure/properties are affected only by the thermal effects 
associated with FSW. While this zone is normally found in the case of fusion-welds, the nature of 
the micro-structural changes may be different in the FSW case due to generally lower 
temperatures and a more diffuse heat source; (c) the thermo-mechanically affected zone (TMAZ) 
which is located closer than the HAZ zone to the butting surfaces. Consequently, both the thermal 
and the mechanical aspects of the FSW affect the material microstructure/properties in this zone. 
Typically, the original grains are retained in this zone although they may have undergone severe 
plastic deformation; and (d) the weld nugget which is the innermost zone of an FSW joint.  As a 
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result of the way the material is transported from the regions ahead of the tool to the wake regions 
behind the tool, this zone typically contains the so called “onion-ring” features.  The material in 
this region has been subjected to most severe conditions of plastic deformation and high 
temperature exposure and consequently contains a very-fine dynamically-recrystallized (equiaxed 
grain microstructure). 
 
Figure 3-3. A schematic of the main microstructural zones associated with the typical FSW joint. 
 Relative to the traditional fusion-welding technologies, FSW offers a number of 
advantages.  Since a fairly detailed discussion pertaining to these advantages can be found in ref. 
[3.10], a similar detailed account will not be given here.  Instead, it should be noted that most of 
these advantages arise from the fact that FSW is associated with lower temperatures, does not 
involve fusion and re-solidification of the weld material and that no filler metal, flux or 
fuel/oxidizer are used. 
 Despite the fact that FSW was discovered less than twenty years ago, this joining process 
has found a wide scale application in many industries.  Among the most notable examples in 
which full advantage of the FSW process was taken to reduce production cost and fabricate 
durable structures are: (a) FSW is being used in a serial production of aluminum alloy based 
ferryboat deck structures in Finland; (b) Al-Mg-Si based alloy bullet-train cabins are commonly 
47 
 
fabricated in Japan using FSW as the primary joining process; (c) Boeing predominantly utilizes 
FSW in the manufacture of Al-Cu based rocket launch systems; (d) NASA has almost completely 
replaced conventional fusion welding processes with FSW for critical joints in the space-shuttle’s 
external fuel-tanks which are manufactured using Al-Li based alloy; and (e) General Electric has 
begun to use FSW in very demanding jet engine applications. 
 Due to their relatively high specific strength/stiffness (typically 40-50% higher than that 
in steels) and superior erosion/corrosion resistance, titanium and its alloys have been traditionally 
widely used in the aerospace, chemical and nuclear industries.  Additional important reasons for 
the wide acceptance of titanium and its alloys include: (a) nonmagnetic character; (b) ability to be 
fabricated using conventional processing methods; (c) availability in a variety of fabricated forms 
(such as plates, sheets, rods, pipes, wires, extrusions, stampings, castings, forgings, powders, and 
super-plastic forms); and (d) reasonable affordability. 
 In recent years, titanium and its alloys are being increasingly employed by the defense 
industry for various armor applications.  One of the primary reasons for the increased interest in 
titanium and its alloys is a commitment by the military to attain air transportable and rapidly 
deployable forces.  Due to their lower density, higher specific strength/stiffness and superior 
blast/ballistic resistance, titanium and its alloys hold the potential for significantly reducing the 
weight of military vehicles without compromising their blast and Improvised Explosive Device 
(IED) survivability.  It is estimated that typically a 5-6% reduction in the military vehicles weight, 
increases their air transportable range on average by 200 miles.  Superior ballistic performance of 
titanium and its alloys is another important reason for the increased use of these materials in 
military applications.  For light to medium class armored vehicles, a common ballistic-resistance 
requirement includes a superior combination of survivability with respect to fragment and kinetic 
energy threats.  Titanium and its alloys provide generally a quite attractive resistance to fragment 
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and kinetic energy threats.  For example, Ti-6Al-4V (the alloy studied in the present work) shows 
a comparable 20mm fragment-simulating projectile (FSP) ballistic resistance to that found in 
AA5083 (an aluminum-alloy grade commonly employed in ballistic-armor applications) and 
clearly outperforms rolled homogenous armor (RHA). In addition, Ti-6Al-4V outperforms both 
AA5083 and RHA with respect to the 14.5mm BS32 kinetic energy-round resistance.  A literature 
review carried out as part of the present work revealed that the military was aware of the low-
density and superior ballistic resistance offered by titanium and its alloys for quite some time.  
The main reasons for the early reluctance by the military to employ these materials in its tactical 
and battle field vehicles are: (a) unfamiliarity with processing and fabrication behavior of this 
material; (b) not fully-founded belief of prohibitively-high cost; and (c) lesser emphasis of the 
military on low-weighting of its fleet and unwillingness to pay a high premium for the benefits 
offered by titanium and its alloys.  
 Titanium and its alloys have been traditionally joined using conventional fusion welding 
techniques such as gas tungsten arc welding (GTAW), gas metal arc welding (GMAW), electron 
beam welding (EBW), plasma arc welding (PAW) and laser beam welding (LW).  Commonly, the 
use of these welding processes for joining titanium and its alloys is accompanied by various 
problems related to the formation of a brittle cast microstructure within the weld, severe 
weldment distortions and high residual stresses. To overcome these problems, feasibility for 
joining of titanium and its alloys using various solid-state joining technologies (e.g. diffusion 
bonding, explosive welding, etc.) has been investigated in recent years.  A brief overview of the 
main efforts related to the use of one of these solid-state joining techniques, i.e., FSW, for joining 
titanium and its alloys is provided below.   
 A detailed literature review, carried out within the present work, pertaining to the use of 
FSW for the joining of titanium and its alloys reveal the following main research and 
49 
 
development efforts. The early efforts were focused on demonstrating FSW feasibility for 
titanium and its alloys and on characterizing the resulting weld microstructure and properties.  
For example in 2003, Juhas and co-workers [3.11] successfully applied the FSW process to Ti-
6Al-4V and carried out a detailed micro-structural investigation of the different weld zones.  In 
the same time period, John et al. [3.12] carried out a detailed investigation of the near-threshold 
fatigue crack growth properties in Ti–6Al–4V FSW joints and demonstrated that residual stresses 
within the welds play a critical role in controlling the fatigue crack growth rate.  In 2005, Lee et 
al. [3.13] demonstrated FSW feasibility in the case of commercial-purity (CP) titanium and 
carried out a detailed examination of the microstructure and mechanical properties of the weld.  
This work also clearly revealed the challenges associated with the design of and material 
selection for the FSW tools in the case of high melting-temperature and high strength work-piece 
materials like titanium.  Specifically, it was shown that due to high attendant temperatures these 
tools have to be made of high temperature hard materials such as titanium carbide.  Around the 
same period, Reynolds et al. [3.14] examined the feasibility of FSW for a prototypical β-type 
titanium alloy and examined the resulting microstructure evolution (including the texture 
evolution) within different weld zones during the FSW process.  In 2007, Fonda et al. [3.15] 
demonstrated the FSW feasibility for Ti-5-1-1-1 (a titanium alloy containing 5% Al, 1% Sn, 1% 
Zr, 1% V and 0.8%Mo) alloy and carried out a detailed investigation of the materials 
microstructure within different weld zones.  In the most recent investigations of the FSW joining 
of titanium and its alloys, the emphasis is being placed mainly on establishing correlations 
between the FSW process parameters and the resulting weld microstructure and properties.  For 
example in 2007, Zhang et al. [3.16] investigated the effect of FSW process parameters 
(specifically, a varying tool rotational speed at a constant level of tool traverse speed and a 
constant tool-work-piece contact pressure) on the microstructure and (hardness and tensile) 
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properties in Ti–6Al–4V FSW welds.  In 2009, Liu [3.17] extended the work of Zhang et al. to 
include the effect of the varying tool traverse speeds on the weld microstructure and properties.  
 The main objective of the present work is to combine the fully-coupled thermo-
mechanical finite-element analysis of the FSW process, developed in ref. [3.18], with the basic 
physical metallurgy of Ti-6Al-4V. The operation and interaction of various microstructure-
evolution processes taking place during FSW of Ti-6Al-4V (e.g. extensive plastic deformation, 
dynamic recrystallization, globularization or dissolution of the primary α-phase, formation of α/β 
lamellar colonies, etc.) will be considered to predict the material microstructure/properties in the 
various FSW zones.    
 The organization of the paper is as follows: The key physical-metallurgy aspects of Ti-
6Al-4V are reviewed in Section 3.3.  The FSW behavior of the same alloy is discussed in Section 
3.4. The fully-coupled thermo-mechanical analysis used in the computational investigation of the 
FSW process is presented in Section 3.5.  A comparison between the computational results and 
their experimental counterparts pertaining to the as-FSWed microstructure and properties of the 
welds is presented in Section 3.6.  The main conclusions resulting from the present study are 
summarized in Section 3.7. 
3.3. Physical Metallurgy of Ti-6Al-4V 
 Before one can expect to successfully complete the task of understanding the effect of 
FSW process parameters on the material microstructure and properties in different zones of a Ti-
6Al-4V weld, it is critical that a reasonably good understanding of the physical metallurgy of this 
alloy be acquired.  Specifically, one should become familiar with all the stable and meta-stable 
phases present in this alloy system, thermal (and mechanical) conditions under which these 
phases are formed, the effect of the material thermal-mechanical history on its microstructure as 
well as the basic correlations between the phases present, their morphologies and the resulting 
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material properties.  In the remainder of this section, a brief overview of these aspects of the Ti-
6Al-4V physical metallurgy is provided.  
 Pure titanium undergoes, during heating, an allotropic phase transformation from a low-
temperature hexagonal close-packed α phase to the high-temperature body-centered cubic β phase 
at a (“beta transus”) temperature of 882.5°C.  Alloying elements can stabilize 
thermodynamically either the α- or the β- phase, i.e., increase or decrease the beta-transus 
temperature (range).  Consequently, titanium alloys may contain at room temperature different 
relative amounts of the two phases and are typically classified as α -type, α + β-type and β-type 
alloys.  Among titanium alloys, α + β-type are of particular interest since vastly different 
mechanical properties can be imparted through the use of various thermo-mechanical treatments. 
 Ti-6Al-4V alloy analyzed in the present work falls into the category of α + β-type 
titanium alloys.  This alloy is generally considered as the workhorse of the titanium industry and 
accounts for more than 50% of the total titanium consumption.  The alloy offers a good overall 
combination of the properties such as low density, high strength/stiffness, reasonably good 
corrosion resistance, good hot-warm and cold formability and superior weldability with respect to 
fusion based welding techniques.  The maximum service temperature for Ti-6Al-4V alloy is 
generally quoted as 350°C. 
 To obtain different combinations of material properties in Ti-6Al-4V, the following heat 
treatments are most often employed. 
Mill Annealing: Consists of a high-temperature soaking treatment within the α + β or β-phase 
region followed by air cooling.  The primary purpose of this (often incomplete) heat-treatment is 
to remove heavily deformed microstructures resulting from cold/warm working. 
Recrystallization Annealing: Consists of a sufficiently-long soaking treatment in the high-
temperature portion of the α + β phase region followed by slow cooling.   
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Beta-Annealing: Same as the recrystallization annealing except that the soaking is done in the 
single β-phase region.  Both recrystallization and beta-annealing treatments improve material 
fracture toughness.  
Stabilization Annealing: Same as the recrystallization annealing except that the soaking is done in 
the lower-temperature portion of the α + β phase region.  This results in an increased partitioning 
of the β-phase stabilizing elements to the β-phase reducing the probability for formation of an 
embrittling meta-stable ω-phase.  
Stress-Relief Annealing: Same as the stabilization annealing except that soaking is carried out 
over a shorter time period which is sufficient to relieve generally undesirable residual stresses via 
dislocation recovery/polygonization processes without measurably affecting material 
strength/ductility. 
Vacuum Annealing: The main purpose of this heat-treatment is to “de-gas” the alloy, i.e., to 
remove deleterious interstitial elements/contaminants such as oxygen, hydrogen and nitrogen. 
Solution Treatment plus Aging: Involves high-temperature soaking in the β-phase (and sometimes 
in the α + β phase) region followed by water quenching to room temperature and aging at an 
intermediate temperature. 
 The heat-treatments like the ones discussed above are used to alter the material 
microstructure and, in-turn, mechanical properties of the alloy.  While, only two phases (α and β 
are normally observed in this alloy, the aforementioned heat-treatments can produce vastly 
different microstructures/properties.  Despite the fact that this alloy has been used for over 30 
years, a complete knowledge of the basic microstructure/property relations is still lacking.  
Nevertheless, some of these relations are well established and will be explained below.  To aid 
this discussion, a schematic quasi-binary phase diagram is depicted in Figure 3.4 in which the 
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concentration of all alloying elements is represented by a single variable (an effective 
concentration) and defined along the x-axis. 
 When the alloy is soaked at a temperature exceeding the upper β-transus line (e.g. point A 
in Figure 3.4), it transforms completely to the β-phase and if the soaking temperature is too high 
and/or if the soaking time is too long, it may suffer excessive grain growth (compromises quasi-
static and dynamic strength).  If the alloy is subsequently (air or furnace) cooled to room 
temperature (i.e., into the α + β region) a portion of the β-phase will transform into the α-phase 
(in the form of thin lamella grouped to form well defined α + β lamellar colonies within the β 
phase matrix/grains, Figure 3.5(a)).  This microstructural form of the α-phase is beneficial with 
respect to fracture toughness and Stress Corrosion Cracking (SCC) resistance of the material. 
 When the alloy is quenched from the β-phase soaking temperature, the α-phase typically 
does not form, and instead the β-phase transforms martensitically (i.e., without any 
segregation/partitioning of the alloying elements) into an orthorhombic meta-stable α’’ phase.  
During subsequent aging at an intermediate temperature, the orthorhombic phase retransforms to 
a microstructure consisting of the β-phase matrix and fine equiaxed α-phase precipitates, Figure 
3.5(b).  This type of microstructure is generally found to improve material’s low and high cycle 
fatigue strength as well as its fracture toughness. 
 When high-temperature soaking of the alloy is carried out within the α + β -phase region 
(e.g. point B in Figure 4), the final microstructure contain the so-called primary α-phase particles.  
These particles are thermodynamically stable since they are formed as a result of material 
annealing in the two-phase region.  The primary α-phase particles are generally globular in shape 
and since they form along the β-phase grain boundaries they play a beneficial role in preventing 
excessive β-phase grain growth.  During subsequent cooling to room temperature, additional α-
phase is formed whose morphology depends on the cooling rate in the same way as that observed 
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Figure 3-4. A schematic of the Ti based quasi-binary phase diagram in which the concentration of all 
alloying elements is lumped into a single quantity termed “Effective Concentration of Alloying 
Elements”.  The nominal chemistry of the α + β Ti-6Al-4V alloy is indicated by the vertical dashed 
line. 
in the case of the alloy soaked in the β-phase region, Figures 3.5(c)-(d).  It should be noted that 
smaller β-phase grains are depicted in Figures 3.5(c)-(d) relative to those depicted in Figure 
3.5(a)-(b) in order to graphically represent the beneficial role of primary α-phase particles in 
inhibiting β-phase grain growth. The presence of the primary α-phase particles and the resulting 
smaller-size β-phase grains and α + β colonies are typically found to improve material’s fracture 
toughness and creep resistance.  It should also be noted that soaking in the α + β -phase region 
results in the formation of a more stable β-phase (i.e., the β-phase with a higher amount of β 
stabilizing vanadium).  This, in-turn, can be beneficial since it reduces the tendency for formation 
of another meta-stable and highly embrittling ω-phase. 
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Figure 3-5. A schematic representation of the Ti-6Al-4V material microstructures obtained after the 
following heat treatments: (a) β-phase soaking followed by slow cooling; (b) β-phase soaking followed 
by quenching and subsequent aging; (c) and (d) are respectively the same as (a) and (b) except that 
soaking is carried out in the α + β-phase region. 
3.4. Friction Stir Welding Behavior of Ti-6Al-4V 
 As mentioned earlier, in contrast to the case of aluminum alloys, relatively fewer 
investigations of the FSW behavior of titanium alloys (including Ti-6Al-4V) have been carried 
out.  The literature review carried out as part of the present work established that the most 
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comprehensive research regarding the FSW behavior of Ti-6Al-4V was reported in 
Refs.[3.16,3.19].  Consequently, in the remainder of this section a detailed yet concise summary 
is provided of the findings reported in these investigations. 
 The work reported in Refs.[3.16,3.19] involved investigations of the effect of the FSW 
process parameters (such as tool rotational speed, tool travel speed, tool design/material, work-
piece thickness, downward contact pressure applied to the tool, tool tilt-angle, pin plunge depth, 
shoulder plunge depth, coolant flow through the weld tool and the coolant flow through the 
backing anvil) on the weld microstructure and properties.  The weld microstructure and 
macrostructure were investigated using various optical and scanning-electron microscopy 
techniques.  While, the weld properties were investigated using micro-hardness measurements, 
transverse and all-weld tensile testing techniques as well as surface profilometry. 
 
JointThickness 
mm 
 
Spindle Speed 
rpm 
Travel Speed 
mm/min 
Shoulder  
Diameter 
mm 
Pin-tip  
Diameter 
mm 
3.0 300 50-130 20 8 
6.0 250-320 45-100 25 10 
9.0 250-285 65-100 25 10 
12.0 140-190 40-75 30 10 
 
Table 3-1. Summary of the Optimal Ti-6Al-4V FSW Process Parameters [3.19]. 
 The main findings/observations made in Refs.[3.16,3.19] can be summarized as follows: 
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 (a) For each work-piece thickness it is found that there is a unique combination of the 
optimal FSW process parameters with respect to the overall quality of the weld.  An example of 
the optimal sets of FSW process parameters as reported in Ref.[3.19] is reproduced in Table 3.1; 
 (b) Due to rotational and translational motion of the FSW tool shoulder relative to the 
work-piece, surface markings (also known as surface texture) are produced on the top surface of 
the weld.  The extent of the resulting surface roughness as characterized by the arithmetic-mean 
surface roughness, maximum peak-to-valley height and the so called ten-point height parameter 
may seriously compromise the performance of the weld by causing stress concentration effects.  
Specifically, the fatigue-life of the FSW weldment may be seriously compromised, since, the very 
sharp surface markings typically act as a source of crack initiation.  To prevent this deleterious 
effect of surface texture, a generally-unwanted secondary (machining) operation may need to be 
employed in order to remove the very top layer of the FSW weldment.   
 (c) In comparison to the prototypical aluminum-alloy FSW joints, Ti-6Al-4V welds are 
found to possess an extremely small HAZ, with an average width on the order of 200– 400 μm.  
This finding is generally linked with the low thermal conductivity of Ti-based alloys.  
 (d) In sharp contrast to the typical observations made in aluminum alloys, TMAZ in Ti-
6Al-4V is negligibly small and it is usually hard to distinguish from HAZ. 
This finding has been attributed to a combined effect of low thermal conductivity and high 
strength in Ti-6Al-4V.  In other words, the lower extent of heat-transfer from the stir-zone (i.e. 
weld nugget) to the surrounding work-piece material leaves the latter material in the state of 
lower temperature and higher strength.  This, in turn, limits the extent of plastic deformation in 
the surrounding material.  
 (e) While, at any given depth the grain/colony size distribution within the weld nugget is 
quite uniform, significant variations in these microstructural parameters are typically found at 
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different depths.  Since, clearly coarser microstructures are observed in the crown region of the 
weld relative to the root region, these observations are linked with the relatively low thermal 
conductivity of the work-piece material and to the fact that a majority of the heat is generated at 
the shoulder/work-piece interface. 
 (f) The work-piece thickness is found to have a profound effect on the coarseness of the 
weld microstructure.  Since, coarser microstructures are observed in thicker welds, this effect of 
the work-piece thickness has been linked with the associated cooling rates. 
 (g) The HAZ typically contains the so-called bi-modal microstructure, which consists of 
globular primary α-phase particles (formed during high-temperature exposure of the material) and 
α+ β lamellar colonies (formed during subsequent cooling) distributed within the β-phase matrix.  
This type of microstructure is an indication that maximum temperatures experienced by the 
material in this region do not exceed the upper β-transus line.  The work-piece thickness was not 
generally found to significantly affect the material microstructure in this weld zone; 
 (h) Except in the case of the smallest-thickness (3mm) work-piece, material 
microstructure in the stir-zone was found not to contain any (globular) primary α-phase 
suggesting that the work-piece material in this region was subjected to temperatures exceeding 
the upper β-transus line.  In addition, smaller β-phase grains found in this region relative to those 
in the base-metal suggests the interplay of dynamic recrystallization.  Since, the center of the 
weld nugget typically contains somewhat coarser β-phase grains than the surrounding retreating 
and advancing sides of the weld, it appears that the grain growth also plays a role in the weld-
center microstructure formation; 
 (i) Material micro-hardness within the weld nugget is typically found to be affected by 
the work-piece thickness. That is, relative to the base-material micro-hardness levels, weld nugget 
material micro-hardness is higher in the case of thinner work-pieces and of a comparable 
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magnitude in the thick work-piece cases.  This effect appears to be related to the aforementioned 
variation in the coarseness of the weld-nugget microstructure with the work-piece thickness; 
 (j) Material micro-hardness in HAZ has been found to be generally lower than that in the 
base-metal and not to be greatly affected by variations in the work-piece thickness; and 
 (k) The overall quality of the weld was found to be most affected by the relative and 
absolute values of the tool rotational and travel speeds.  Specifically, tool rotational speed is 
found to control the rate of heat generation, while, the tool travel speed normally influences the 
extent of material stirring at the weld root and the potential for formation of flaws.  The most 
common FSW flaws appear as voids (Figure 3.6(a)) in the weld root and welds not fully 
extending through the work-piece thickness (Figure 3.6(b)) both caused by insufficient tool-pin 
plunging and incomplete material stirring.  
 
 
 
Figure 3-6. Two most often observed FSW flaws: (a) voids; and (b) incomplete welds.  
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3.5. FSW Computational Analysis and Typical Results 
 As mentioned earlier, modeling of the FSW process carried out in the present work 
employed the fully-coupled thermo-mechanical finite-element procedure developed in Ref. 
[3.18].  Since a detailed account of the procedure was provided in Ref. [3.18], only the key 
aspects of this procedure will be presented in the remainder of this section.  Also, a brief 
overview of the work-piece and FSW-tool material models and of the typical results obtained in a 
FSW computational analysis will be discussed in this section.  
 
Figure 3-7. (a) Meshed models for the tool and the work-piece. Typical FSW computational-analysis 
results pertaining to the steady-state distribution of: (b) Equivalent plastic strain; (c) Nodal 
velocities; (d) Material-particle trajectories; (e) Temperature; and (f) Residual stresses. 
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3.5.1 FSW Computational Analysis 
Computational Domain 
 The computational domain used consists of a (40.0mm-radius, 3.0mm thickness) circular 
plate (with a concentric through-the-thickness 5mm-radius on top and 3mm on the bottom, 
conical hole) and a two-part tool ( consisting of a hole-matching conical pin  and an 18mm-
diameter solid right circular cylindrical shoulder), Figure 3.7(a).  The computational domain is 
meshed using ~20,000 first-order eight-node reduced-integration hexahedral thermo-
mechanically coupled solid elements.  The meshed model is displayed in Figure 3.7(a).  For 
clarity, the tool is shown in the retracted position. 
Computational Analysis Type 
The FSW process is analyzed computationally using a fully-coupled thermo-mechanical 
finite-element algorithm within which heat dissipation associated with plastic deformation and 
tool/work-piece interfacial friction-sliding is treated as a heat-source in the governing thermal 
equation while the effect of temperature on the mechanical response of the work-piece material is 
taken into account through the use of a temperature-dependent work-piece material model. 
Initial Conditions  
The analysis is carried out by prescribing from the onset a constant rotational speed, a 
zero tool translational speed along the butted surfaces and a constant downward pressure to the 
tool.  Since the tool is not allowed to travel, the work-piece material is assigned the translational 
velocity of the tool but in the opposite direction.  Thus, Figure 3.7(a) represents not the entire 
work-piece but rather a circular region around the tool in the otherwise infinitely-long/wide work-
piece.  Both the work-piece and the tool are initially set to the ambient temperature.  
Boundary Conditions  
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To mimic the role played by the work-piece rigid backing plate in preventing the flow of 
the work-piece material in the downward direction, zero normal velocity boundary conditions are 
applied over the bottom surface of the work-piece.  To comply with the requirement for a constant 
translational speed of the tool, the appropriate in-flow and out-flow velocities are prescribed over 
the circumferential portion of the work-piece surface (in a direction opposite to that of tool 
travel).  Over the top portion of the work-piece as well as over the surface of its centre-hole, the 
material normal velocities are set equal to their mesh counterparts.  As far as the thermal 
boundary conditions are concerned, standard convective boundary conditions are applied over 
free surfaces of the work-piece and the tool while enhanced convection boundary conditions are 
applied over the bottom face of the work-piece (to mimic the effect of enhanced heat extraction 
through the work-piece backing plate). 
Tool/Work-piece Contact Interactions  
Work-piece/tool interactions are accounted for through the use of a penalty algorithm 
within which the extent of contact pressure is governed by the local surface penetrations while 
shear stresses are transferred via a “slip/stick” algorithm, that is shear stresses lower than the 
frictional shear stress are transferred without interface sliding (otherwise interface sliding takes 
place).  The frictional shear stress is defined by a modified Coulomb law within which there is an 
upper limit to this quantity (set equal to the shear strength of the work-piece material).  The 
frictional shear stress is then defined as a smaller of the product between the static/kinetic friction 
coefficient and the contact pressure, on one hand, and the work-piece material shear strength, on 
the other. 
Heat-generation and Partitioning 
As mentioned earlier, both plastic deformation and frictional sliding are treated as heat 
sources.  To account for the fact that a small fraction of the plastic-deformation work is stored in 
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the form of crystal defects, 95% of this work was assumed to be dissipated in the form of heat.  
As far as heat generation due to frictional sliding is concerned, it is assumed that its rate scales 
with the product of local interfacial shear stress and the sliding rate, and that 100% of this energy 
is dissipated in the form of heat.  Partitioning of this heat between the tool and the work-piece is 
then computed using the appropriate thermal properties of the two materials. 
Computational Algorithm 
As established earlier, work-piece material in the nugget and TMAZ regions experience 
large plastic deformations during FSW.  Under these circumstances, the use of a Lagrangian 
approach in which the finite-element mesh is attached to and moves with the material may 
display serious numerical problems (due to excessive mesh distortion).  To overcome this 
approach, an Arbitrary Lagrangian Eulerian (ALE) formulation is used within which adaptive re-
meshing is carried out to maintain good quality mesh.  The fully-coupled thermo-mechanical 
problem dealing with FSW is solved using an explicit solution algorithm implemented in 
ABAQUS/Explicit [3.20], a general purpose finite element solver.   
Computational Accuracy, Stability and Cost 
To keep the computational cost reasonable while ensuring accuracy and stability of the 
computational procedure, a mass scaling algorithm is used.  This algorithm adaptively adjusts 
material density in the critical (time-step controlling) finite elements without significantly 
affecting the computational analysis results.  
3.5.2 Material Models 
Tool Material 
As mentioned earlier, tool material selection for FSW of titanium alloys is quite 
challenging due to high strength and low thermal conductivity of the work-piece material.  
Consequently, FSW tools are typically made of sintered advanced ceramic materials such as  
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Parameter 
 
 
Symbol 
 
Units 
 
Value 
Reference Strength A MPa 880.0 
Strain-hardening Parameter B MPa 695.0 
Strain-hardening Exponent N N/A 0.36 
Strain-rate Coefficient C N/A 0.04 
Room Temperature Troom K 293 
Melting Temperature Tmelt K 3293.0 
Temperature Exponent M N/A 0.8 
Young’s Modulus E GPa 113.8
 
Poisson’s Ratio Ν N/A 0.34 
Density Ρ kg/m
3 
4430 
Thermal Conductivity K W/m.K 6 
Specific Heat cp J/kg.K 526 
 
Table 3-2. Johnson-Cook Yield Strength (σy) Material Model Parameters and the Corresponding 
Elastic and Thermal Parameters for Ti-6Al-4V. 
tungsten-lanthanides or titanium carbides.  Due to high strength of these materials, the tool does 
not typically suffer much deformation during the FSW process.  However, tool wear may become 
a serious issue.  Since an analysis of tool wear is beyond the scope of the present work, the tool 
material is considered as being rigid.  Consequently, and considering the fact that the tool 
acquires a portion of the heat generated due to slip at the tool-work-piece interface, the thermal 
properties and density for the tool material still have to be specified.  For the tungsten-lanthanide 
tool material considered in the present work, the following properties were used: thermal 
conductivity, k,=120W/m∙K, specific heat, cp,=140J/kg∙K, and density, ρ,= 18,900kg/m
3
. 
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Work-piece Material 
The work-piece material (Ti-6Al-4V) is assumed to be isotropic, linear-elastic and strain-
hardenable, strain-rate sensitive, thermally softenable plastic material and is modeled using the 
Johnson-Cook material model [3.21].  A summary of the Johnson-Cook material model 
parameters (including the yield stress, σy, governing equation) and the elastic and thermal 
properties of Ti-6Al-4V are provided in Table 3.2. 
It should be noted that in the Johnson-Cook material model, temperature affects the material 
strength only reversibly by promoting thermal activation of dislocation motion.  In other words, 
no permanent changes in the material microstructure and properties are assumed to result from a 
high-temperature exposure of the material.  This assumption is not fully justified in the case of 
FSW where it is commonly observed that high temperatures in the weld nugget give rise to 
dynamic recrystallization with an accompanying grain size refinement.  To account for this 
additional effect of temperature, a modification to the Johnson-Cook model was proposed in Ref. 
[3.18].  Essentially, strain hardening is still assumed to be related to the equivalent plastic strain, 
pl , via a parabolic relation, 
n
plB , where B and n are material parameters (Table 3.2).  However, 
pl  is taken now to be composed of two terms: one (positive) associated with the operation of 
plastic deformation and the other (negative) resulting from the operation of dynamic 
recrystallization.  In other words, reduction in the dislocation density caused by dynamic 
recrystallization is modeled as an (apparent) effective reduction in the equivalent plastic strain, 
i.e. in the component of equivalent plastic strain which is responsible for strain hardening.  On the 
other hand, the total equivalent plastic strain which measures the extent of irreversible overall 
deformation in the material remains unaffected by dynamic recrystallization.  
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3.5.3 Typical Results 
 In this section, a few typical computational results obtained using the aforementioned Ti-
6Al-4V FSW process analysis are presented.  Since similar results were obtained in the case of 
aluminum alloys AA5083 and AA2139 and discussed in greater detail in Ref.[3.10], a similar 
detailed discussion of the Ti-6Al-4V results will not be given in this section.  Overall, the results 
presented in this section reveal correlations between the FSW process parameters (e.g., rotational 
and travel velocities of the tool, tool-plunge depth, tool tilt-angle and tool-design/material) and 
various field quantities (e.g., equivalent plastic strain, nodal velocities, materials/particle 
velocities, etc.).  It should be noted that all the results shown pertain to the steady-state FSW 
regime and not to the transient regime corresponding to the start-up of the FSW process.  
Equivalent Plastic Strain Field 
An example of the spatial distribution of the equivalent plastic strain in the work-piece 
during FSW is displayed in Figure 3.7(b).  The results like the one shown in this figure can be 
used to assess the variation in the extent of plastic deformation in the transverse and through-the-
thickness directions and link these with the overall quality and the properties of the weld.  
Nodal Velocity Field 
 An example of the distribution of nodal velocities at the outer surfaces of the work-piece 
is displayed in Figure 3.7(c).  For clarity the tool is not shown in this figure.  A simple 
examination of this figure reveals the presence of a stirred zone right below the tool shoulder and 
the remainder of the field within which the material tends to flow around the stir region.  
Material Particle Trajectory Field 
 It should be noted that due to the Arbitrary-Lagrangian Eulerian (ALE) character of the 
finite-element analysis used in the present work, the motion of the finite-element mesh is not 
completely tied to the motion of the material.  Hence, there is generally a disparity between nodal 
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velocities and material-particle velocities.  An example of the (color-coded) traces left by two 
material particles as they approach the tool, enter the stir zone and ultimately depart from the tool 
is displayed in Figure 3.7(d). The results like the one displayed in this figure can be used to assess 
the extent of material stirring and, in turn, to predict the quality of the weld.  
Temperature Field 
 Typical spatial distribution of temperature over a medial longitudinal section of the work-
piece is displayed in Figure 3.7(e).  The results like the ones displayed in this figure can be used 
in the FSW process optimization in order to ensure that the work-piece material has been 
sufficiently softened throughout the work-piece thickness (without being subjected to excessively 
high temperatures) which is a prerequisite for getting good quality FSW joints. 
Residual Stress Field 
 Due to non-uniformities in the extent of plastic deformation and temperature within the 
weld, FSW weldments often contain residual stresses.  Since these stresses may significantly 
affect the structural and environmental resistance/durability of welded joints, it is critical that they 
are quantified and that their magnitudes and spatial distributions be correlated with various FSW 
process parameters.  An example of the spatial distribution of the transverse residual normal 
stresses over the medial longitudinal section of the work-piece is displayed in Figure 3.7(f).  
3.6 Prediction of the FSW-Joint Structural Performance 
3.6.1 Weld Quality versus Weld-material Microstructure/Properties 
 As discussed earlier, when assessing the success of the employment of the FSW process 
for joining Ti-6Al-4V structures, one is generally concerned both about the overall quality of the 
weld (as manifested by the absence of voids, incomplete joints, highly-pronounced surface 
texture and other flaws) as well as with the metallurgical state and the properties of the material 
in different zones of the weld (primarily in the HAZ and the stir zone).  The computational 
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analysis employed in the present work showed that if the FSW process parameters are properly 
selected, flaw-free FSW joints can be produced.  Under such conditions, it is the metallurgical 
state/microstructure of the material in the weld that controls the overall structural performance of 
the weld.  In this section, it is assumed that flaw-free FSW joints are indeed produced and then it 
is tried to assess/predict the microstructural state and the properties of the different weld zones as 
well as of the FSW joint, as a whole.  
 As mentioned earlier, due to a relatively low thermal conductivity and a relatively high 
strength Ti-6Al-4V welds do not contain the TMAZ of a significant size.  For the remaining two 
weld zones (the HAZ and the stir-zone) the following was established previously: 
Heat-affected Zone (HAZ) 
 This zone typically contains a bimodal room-temperature microstructure consisting of 
globular primary α-phase particles located along grain boundaries of the prior β-phase grains and 
α+ β lamellar colonies.  This type of microstructure suggests that the material in the HAZ was 
never subjected to temperatures exceeding the upper beta-transus line. The microstructure 
parameter which has the dominant effect on the strength and ductility of the material with this 
type of microstructure is the average size of the prior β-phase grains.  A larger prior β-phase grain 
size (associated with prolonged material exposure to high temperatures approaching but 
remaining lower than the upper beta-transus line) generally compromises both the material 
strength and ductility making the HAZ the weakest section in the FSW joint.  
Stir-zone (Weld Nugget) 
 The typical room-temperature microstructure of the material residing in this FSW zone 
consists of α+β lamellar colonies suggesting that the material was exposed (for a sufficient 
amount of time) to temperatures exceeding the upper beta-transus line.  The microstructure 
parameter controlling the material strength and ductility in this region is the average size of the 
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α+β lamellar colonies.  Again, coarser microstructure resulting from a prolonged high-
temperature exposure (e.g., associated with a lower tool travel-to-rotational speed ratio) and a 
lower rate of cooling to room-temperature (e.g., as found in thicker welds) gives rise to a 
simultaneous loss in strength and ductility of the material.  However, even in thick welds, it is 
generally observed that in the case of flaw-free FSW joints (the case analyzed in the present 
work), strength and ductility of the stir-zone material are superior to their counterparts in the 
HAZ.  
 Based on the discussion presented above, the problem of relating the FSW process 
parameters to the structural performance of an FSW weldment reduces to the problem of 
establishment of correlations between the FSW process parameters and the HAZ-material 
microstructure/properties alone.  Since, microstructure/property changes in the HAZ are only the 
result of the exposure of the material residing in this zone to high temperatures (i.e. plastic 
deformation has no effect in this region), the reduced problem, while still challenging, is 
considerably more tractable.  That is, one needs to consider only the effect of temperature history 
of the material residing in this zone on its microstructure/properties.  It should be noted that the 
temperature history of the material residing in the HAZ can be readily extracted from the results 
file generated during the aforementioned computational analysis of the FSW process.  However, 
modeling of the material microstructure evolution (from the known initial microstructure) 
subjected to a given temperature history and the associated evolution in the material properties, 
two quite challenging problems, need to be addressed.  The problems of microstructure and 
property evolution are handled in the next section.   
3.6.2 Prediction of Microstructure/Property Evolution 
 Before dealing with the problem of modeling the evolution of material 
microstructure/properties during FSW, it should be recalled that the controlling microstructure 
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parameter in the HAZ is the prior β-phase grain size (while in the stir-zone the dominant 
microstructure parameter is the α+β lamellar colony size).  In the present work, the correlations 
between the ultimate tensile strength/ductility and the dominant microstructural parameter as 
reported in Ref.[3.16] are used.  These correlations are depicted graphically in Figures 3.8(a)-(b) 
for the HAZ and the stir-zone materials, respectively.   The analysis presented below deals only 
with the HAZ material since this portion of the weld material has the most inferior properties, and 
hence, controls the structural response of the weld.  
 
Figure 3-8. Correlations between the ultimate tensile strength/ductility and the dominant 
microstructural parameter in the case of: (a) The HAZ material in which the prior β-phase grain size 
plays a dominant role; and (b) The stir-zone material in which the α+β colony size plays a dominant 
role. 
 It should be also noted that the work reported in Ref. [3.22] established a correlation 
between the HAZ-material ultimate tensile strength, UTS, and, and its Vicker’s hardness, HV, as 
(UTS(MPa)=3.27*HV(kgf/mm
2)). Furthermore, the spatial distribution of the Vicker’s hardness 
over a transverse section of the weld for several combinations of the FSW process parameters 
was reported in Ref. [3.19].  An example of these results is displayed in Figure 3.9(a).  All these 
findings and correlations provide a unique opportunity to validate the present computational 
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approach which relates the FSW process parameters with the resulting weld 
microstructure/properties.  That is, if the present approach can predict the prior β-phase grain size 
for an arbitrary material point within the HAZ and for a given set of the FSW process parameters 
(like the ones associated with Figure 3.9(a)), then the corresponding ultimate tensile strength (and 
ductility) can be obtained from Figure 3.8(a) and the associated Vicker’s hardness be computed 
using the aforementioned correlation.  Vicker’s hardness computed in this way can then be 
compared with its experimental counterpart displayed in Figure 3.9(a).    
 
 
 
Figure 3-9. (a) Spatial distribution of Vicker’s hardness over a transverse section of a FSW joint; (b) 
Computed temperature history of the material point associated with the HAZ location marked A in 
(a); and (c) the associated computed temporal evolution of the prior β-phase grain size. 
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 To complete the task described above, however, one must be able to model the evolution 
of the prior β-phase grain size over an arbitrary temperature history.  In other words, one must be 
able to evaluate the following integral: 

t
)t(dT)D),t(D),t(T(DDD
0
00

       (3.1) 
where D and D0 are respectively the final and initial β-phase grain size, t the time, T the 
temperature and a raised dot is used to denote a time derivative of a quantity.   
 To derive an expression for the grain-size growth rate, the isothermal grain-growth 
kinetics law reported in Ref. [3.23] was used according to which: 
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), 
Q(=97kJ/mol) the activation energy, R(=8.314J/mol·K) the universal gas constant and n(=0.55) a 
grain growth exponent.  Using a simple mathematical procedure, the integrated isothermal grain-
growth law given by Eq. (3.2), is converted into a grain growth rate equation in the form: 
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 Once Eq.(3.3) is substituted into Eq.(3.1) and T is replaced by the temperature history 
T(t), the final grain-size can be computed by numerically solving the resulting integral equation.  
Since the grain-size growth rate is a function of the current grain size, the integration has to be 
carried out sequentially starting with the first time increment.   
 An example for the application of the aforementioned procedure is discussed in the 
remainder of this section.  First, an arbitrary location A is selected within the HAZ in Figure 
3.9(a).  Figure 3.9(a) shows a contour plot of the distribution of Vicker’s hardness over the 
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transverse section of an Ti-6Al-4V FSW joint as reported in Ref.[3.19].  Location A in Figure 
3.9(a) is associated with a Vicker’s hardness level of HV279.  The present computational 
approach is next used to compute the thermal history of the material point corresponding to the 
location A in Figure 3.9(a).  It should be recalled that due to the use of the ALE algorithm, there is 
a distinct difference between a spatial location and a material point.  That is, different material 
points reside at different times at the same spatial location within the computational domain.  The 
computed temporal evolution of the temperature associated with the location A in Figure 3.9(a) is 
depicted in Figure 3.9(b).   When this temperature history is used in conjunction with Eqs. (3.1) 
and (3.3),  the temporal evolution of the prior β-phase grain size is obtained, Figure 3.9(c).  The 
final β-phase grain size (~16μm) obtained in Figure 3.9(c) is then used in conjunction with Figure 
3.8(a) to determine the corresponding material ultimate tensile strength, UTS=908MPa.   The 
aforementioned UTS vs. HV correlation then suggests that the corresponding material Vicker’s 
hardness is ~277.7.  This value is very close to the experimentally measured value of the Vicker’s 
hardness of HV279.  Since similar findings were obtained in the case of other combinations of the 
FSW process parameters, one may conclude that the present computational approach accounts 
reasonably well for the established effects of the FSW process parameters on the material 
microstructure/properties. This finding is quite encouraging suggesting that the present 
computational approach may be used to guide the selection of the FSW process parameters in 
order to optimize the structural performance of the FSW welds (at least when they are controlled 
by the HAZ-material microstructure/properties).  
3.7 Summary and Conclusions 
 Based on the work presented and discussed in the present work, the following main 
summary remarks and conclusions can be made: 
74 
 
 1.  A brief overview is provided of the key physical metallurgy and Friction Stir Welding 
(FSW) behavior of Ti-6Al-4V, a commercially available Titanium alloy. 
 2. Based on the available results in the literature, it was concluded that the Heat Affected 
Zone (HAZ) contains the most inferior properties and that it controls the overall structural 
performance of the weld.  
 3.  A mathematical model is developed and parameterized for the temporal evolution of 
the prior β-phase grain size during the FSW process.  This model is next combined with the well-
established property vs. microstructure correlations in Ti-6Al-4V to predict computationally 
mechanical properties within the HAZ.   
 4. The results obtained are found to be in reasonably good agreement with their 
experimental counterparts suggesting that the present computational approach may be used to 
guide the selection of the FSW process parameters in order to optimize the structural performance 
of the FSW joints (at least while they are controlled by the HAZ-material 
microstructure/properties). 
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CHAPTER 4 
DEVELOPMENT OF A ROBUST AND COST-EFFECTIVE FRICTION STIR WELDING 
PROCESS FOR USE IN ADVANCED MILITARY VEHICLES 
 
4.1. Abstract 
 To respond to the advent of more lethal threats, recently designed aluminum-armor based 
military-vehicle systems have resorted to an increasing use of higher strength aluminum alloys 
(with superior ballistic resistance against armor piercing (AP) threats and with high vehicle-light 
weighing potential).  Unfortunately, these alloys are not very amenable to conventional fusion 
based welding technologies and in-order to obtain high-quality welds, solid-state joining 
technologies such as Friction Stir Welding (FSW) have to be employed.  However, since FSW is 
a relatively new and fairly complex joining technology, its introduction into advanced military 
vehicle structures is not straight forward and entails a comprehensive multi-step approach.  One 
such (three-step) approach is developed in the present work.  Within the first step, experimental 
and computational techniques are utilized to determine the optimal tool design and the optimal 
FSW process parameters which result in maximal productivity of the joining process and the 
highest quality of the weld.  Within the second step, techniques are developed for the 
identification and qualification of the optimal weld joint designs in different sections of a 
prototypical military vehicle structure.  In the third step, problems associated with the fabrication 
of a sub-scale military vehicle test structure and the blast survivability of the structure are 
assessed.  The results obtained and the lessons learned are used to judge the potential of the 
current approach in shortening the development time and in enhancing reliability and blast 
survivability of military vehicle structures. 
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4.2. Introduction 
 Friction stir welding (FSW) is a solid-state metal-joining process that was invented in 
1991 at The Welding Institute in the United Kingdom [4.1].  FSW can be used to produce butt, 
corner, lap, T, spot, fillet and hem joints, as well as to weld hollow objects, such as tanks and 
tubes/pipes, stock with different thicknesses, tapered sections and parts with three-dimensional 
contours.  This welding process is particularly suited for butt and lap joining of aluminum alloys 
which are otherwise quite difficult to join using conventional arc/fusion welding processes.  FSW 
has established itself as a preferred joining technique for aluminum components and its 
applications for joining other difficult-to-weld metals are gradually expanding.  Currently, this 
joining process is being widely used in many industrial sectors such as shipbuilding and marine, 
aerospace, railway, land transportation, etc. 
 The basic concept behind FSW is described using the example of butt welding, Figure 
4.1.  As shown in Figure 4.1, a non-consumable rotating tool moves along the contacting surfaces 
of two rigidly butt-clamped plates.  As seen in this figure, the tool consists of a cylindrical pin 
which is threaded, at one end, and equipped with a shoulder, at the other.  Also, during joining, 
the work-piece (i.e. the two clamped plates) is generally placed on a rigid backing support.  At the 
same time, the shoulder is forced to make a firm contact with the top surface of the work-piece.  
As the tool rotates and moves along the butting surfaces, heat is being generated at the 
shoulder/work-piece and, to a lesser extent, at the pin/work-piece contact surfaces, as a result of 
the frictional-energy dissipation. This, in turn, causes an increase in temperature and gives rise to 
softening of the material adjacent to these contacting surfaces.  As the tool advances along the 
butting surfaces, thermally-softened material in front of the tool is (heavily) deformed, extruded 
around the tool to the region behind the tool and compacted/forged to form a joint/weld.  
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Figure 4-1. A Schematic of the Friction Stir Welding Process 
 Relative to the traditional fusion-welding technologies, FSW offers a number of 
advantages such as:  
 (a) good mechanical properties in the as-welded condition and substantial improvements 
in the consistency of weld quality (even in those alloys that are considered non-weldable by 
conventional techniques); 
 (b) improved safety due to the absence of toxic fumes or the spatter of molten material;  
 (c) no consumables  such as the filler metal or gas shield are required;  
 (d) ease of process automation;  
 (e) ability to operate in all positions (horizontal, vertical, overhead, orbital, etc.), as there 
is no weld pool;  
 (f) minimal thickness under/over-matching which  reduces the need for expensive post-
weld machining; 
 (g) low environmental impact; 
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 (h) aluminum-alloy welds in a 0.02-3.0in range can be produced and, typically, in a 
single pass;  
 (i) dissimilar aluminum-alloy grades (e.g. AA6061 to AA5083), wrought and cast 
aluminum alloys, as well as aluminum matrix composites can be readily FSWed; 
 (j) due to lower attendant temperatures, the residual stresses and distortions are 
substantially reduced in comparison to those encountered in traditional arc welding processes; 
 (k) the innermost zone of the FSW joint typically consists of a fine equiaxed grain 
structure which may possess superior impact resistance properties; 
 (l) a complete absence of filler-induced defects (since, FSW is a filler-less process) and 
hydrogen-embrittlement cracking (since no hydrocarbon fuel is used);  
 (m) the joining process can be carried out by using modified traditional machine tool 
technologies; 
 (n) replacement of fastened joints with FSW joints can lead to significant weight 
reduction and cost savings; 
 (o) since FSW is a solid-state process, the joint is free of solidification-induced defects 
and, consequently, certain 2xxx and 7xxx aluminum alloys which are difficult to join using 
conventional fusion welding processes can be readily FSWed. 
 Unfortunately, the FSW technology is burdened by several disadvantages such as:  
 (a) an exit hole is left after the tool is withdrawn from the work-piece;  
 (b) relatively large tool press-down and plates-clamping forces are required;  
 (c) lower flexibility of the process with respect to variable-thickness and non-linear 
welds; 
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 (d) often associated with lower welding rates than conventional fusion-welding 
techniques, although this shortcoming is somewhat lessened since fewer welding passes are 
required; and 
 (e) FSW equipment cost is typically significantly higher than the equipment cost 
encountered in most traditional fusion welding processes.  This disadvantage is somewhat 
mitigated by the associated lower labor cost and by a lower need for skilled labor. 
 Recent efforts of the U.S. Army have been aimed at becoming more mobile, deployable, 
and sustainable while maintaining or surpassing the current levels of lethality and survivability.  
Current battlefield vehicles have reached in excess of 70 tons due to ever increasing lethality of 
ballistic threats which hinders their ability to be readily transported and sustained.  Therefore, a 
number of research and development programs are under way to engineer light-weight, highly 
mobile, transportable and lethal battlefield vehicles with a target weight under 20 tons.  To attain 
these goals, significant advances are needed in the areas of light-weight structural- and armor-
materials development (including aluminum-based structural/armor-grade materials). 
 Historically, aluminum alloy AA5083-H131 has been used in military-vehicle 
systems such as the M1113 and the M109, in accordance with the MIL-DTL-46027J specification 
[4.2]. The main reasons for the selection of this alloy are its lighter weight, ease of joining by 
various welding techniques, a relatively high level of performance against fragmentation-based 
threats, and superior corrosion resistance.  
 To respond to the advent of more lethal threats, recently designed aluminum-armor based 
military-vehicle systems, such as the M2 Bradley Fighting Vehicle, have relied on the use of 
higher strength aluminum alloys, such as AA2139 [4.3], AA7039 [4.4], AA2219 [4.5] and 
AA2519 [4.6]. These alloys provide increased ballistic protection against armor piercing (AP) 
threats due to their higher dynamic strength. In addition, higher quasi-static tensile strength levels 
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offered by these alloys are very desirable for vehicle-hull designs as they enable significant 
reductions in the vehicle weight.  However, these alloys also show some significant shortcomings 
primarily due to their lower fusion based weldability and inferior corrosion resistance in 
comparison to that observed in AA5083-H131.  Fortunately, there are efficient remedies for these 
shortcomings: The low corrosion-resistance shortcomings can be, in general, overcome through 
the use of various coating and cladding technologies (not the subject of the present work), and 
while the low weldability shortcomings can be addressed using FSW (the main subject of the 
present work).  However, since FSW is a relatively new and fairly complex joining technology, 
its introduction into advanced military vehicle structures is not straight forward and entails a 
comprehensive multi-prong approach.  Development of one such approach is the subject of the 
present work. 
 Within the present approach, the three main stages for the introduction of FSW process 
into advanced military vehicle structures are identified as: 
 (a) Determination of the optimal tool design and the optimal FSW process parameters 
which result in maximal productivity of the joining process (as measured by the tool travel speed) 
and the highest quality of the weld (as quantified by the weld mechanical properties and their 
reproducibility), for a given choice of the high-strength aluminum-alloy grades being welded.  As 
will be shown later, at this stage the traditional experimentally based process-development efforts 
are complimented by an extensive program of weld-material property characterization/testing and 
thermal/mechanical computational analyses which can help establish correlations between the 
FSW process parameters and the weld microstructure/mechanical properties; 
 (b) Identification of the optimal weld joint design for different sections of the military 
vehicle structures and employment of experimental test procedures (e.g. ballistic shock test, 
discussed later) to qualify the welded joints; and 
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 (c) Fabrication of a sub-scale military vehicle test structure and the employment of 
experimental techniques to access their blast survivability.  
 The organization of the paper is as follows: A detailed description of the FSW process 
parameters (including weld tool geometry), weld material microstructure spatial distribution and 
temporal evolution as well as correlations between the FSW process parameters and the weld-
material microstructure/properties are all discussed in Section 4.3.  Details pertaining to the 
design and testing of FSW joints for use in military vehicle structures are presented in Section 
4.4.  A brief discussion regarding the fabrication and blast-survivability testing of the sub-scale 
military vehicle test structure is provided in Section 4.5.  It should be noted that due to the 
sensitive nature of the subject matter and for the potential misuse of the findings obtained in the 
present work, some critical quantitative results had to be left out. The main conclusions resulting 
from the present study are summarized in Section 4.6. 
4.3. FSW Process and Weld Joint Material Analysis 
4.3.1. FSW Process 
Mass/Heat Transport and Thermo-mechanical Aspects 
 FSW normally involves complex interactions and competition between various thermo-
mechanical processes such as frictional-energy dissipation, plastic deformation and the associated 
heat dissipation, material transport/flow, dynamic recrystallization, local cooling, etc. [4.7-4.14].  
A unique feature of the FSW process is that heat transfer does not only take place via thermal 
conduction but also via transport of the work-piece material adjacent to the tool from the region 
in front to the region behind the advancing tool.  In general both the heat and the mass transfer 
depend on the work-piece material properties, tool geometry and the FSW process parameters.  
As will be discussed later in greater details, mass transport is accompanied by extensive plastic 
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deformation and dynamic recrystallization of the transported material. The attendant strain rates 
as high as 10 s
-1
 have been assessed/measured [4.15, 4.16]. 
Process Parameters 
 The main FSW process parameters which affect both the weld quality and the process 
efficiency are: (a) rotational and transverse velocities of the tool; (b) tool-plunge depth; (c) tool 
tilt-angle; and (d) tool-design/material.   Since, in-general, higher temperatures are encountered in 
the case of higher rotational and lower transverse tool velocities, it is critical that a delicate 
balance between these two velocities is attained.  I.e. when the temperatures are not high enough 
and the material has not been sufficiently softened, the weld zone may develop various 
flaws/defects arising from low ductility of the material.  Conversely, when the temperatures are 
too high undesirable changes in the material microstructure/ properties may take place and 
possibly incipient-melting flaws may be created during joining.  To ensure that the necessary 
level of shoulder/work-piece contact pressure is attained and that the tool fully penetrates the 
weld, the tool-plunge depth (defined as the depth of the lowest point of the shoulder below the 
surface of the welded plate) has to be set correctly.  Typically, insufficient tool-plunge depths 
result in low-quality welds (due to inadequate forging of the material at the rear of the tool), while 
excessive tool-plunge depths lead to under-matching of the weld thickness compared to the base-
materials thickness.   Tool rearward tilting by 2-4 degrees has been often found to be beneficial 
since it enhances the effect of the forging process.   
 Tool design is one of the most important factors that influence the FSW joint profile as 
well as the weld material microstructure and properties.  Initially, one-piece steel tools were used 
with both the pin and the shoulder having a (smooth-surface) right circular cylindrical geometry.  
Consequently, only limited material flow and mixing were produced.  The two-piece FSW tools 
used today typically contain (flat-ended) threaded, fluted and/or frustum (with flats) pin designs 
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which promote material transport around the tool as well as in the work-piece through-the-
thickness direction.  This, in turn, enables higher weld speeds and higher quality void free weld 
joints.  In addition, current FSW tools contain scrolled shoulders which eliminates the need for 
the aforementioned tool tilting (facilitate welding around corners and production of non-linear 
welds), weld surface undercutting and the flash that extrudes under the tool shoulder.  Novel 
FSW tools often contain non-circular (e.g. oval, paddle, etc.) cross-sections to increase the 
volume of stirred material and improve weld properties.  Tool design is probably the most 
guarded secret in FSW community, as companies/researchers are generally reluctant to disclose 
tooling information.  
Weld Advancing and Retreating Sides 
 When analyzing the FSW process, one often makes a distinction between the so-called 
advancing side of the weld (the side on which the peripheral velocity of the rotating tool 
coincides with the transverse velocity of the tool) and the retreating side (the side on which the 
two velocities are aligned in the opposite directions). It is generally recognized that the 
differences in the two weld sides give rise to asymmetry in heat transfer, material flow and weld 
microstructure-properties [4.17]. 
4.3.2. Weld Material Microstructure/Property Distribution and Evolution 
Weld Zones and Associated Microstructure Characteristics 
 Metallographic examinations of the FSW joints typically reveal the existence of the 
following four zones, Figure 4.2:  
 (a) an un-effected zone which is far enough from the weld so that material 
microstructure/properties are not altered by the joining process;  
 (b) the heat-affected zone (HAZ) in which material microstructure/properties are affected 
only by the thermal effects associated with FSW. While this zone is normally found in the case of  
87 
 
fusion-welds, the nature of the microstructural changes may be different in the FSW case due to 
generally lower temperatures and a more diffuse heat source;  
 (c) the thermo-mechanically affected zone (TMAZ) which is located closer than the HAZ 
zone to the butting surfaces. Consequently both the thermal and the mechanical aspects of the 
FSW affect the material microstructure/properties in this zone. Typically, the original grains are 
retained in this zone although they may have undergone severe plastic deformation; and  
 
Figure 4-2. A schematic of the four microstructural zones associated with the typical FSW joint. 
 (d) the weld nugget is the innermost zone of an FSW joint. As a result of the way the 
material is transported from the regions ahead of the tool to the wake regions behind the tool, this 
zone typically contains the so called “onion-ring” features.  The material in this region has been 
subjected to most severe conditions of plastic deformation and high temperature exposure and 
consequently contains a very-fine dynamically-recrystallized equiaxed grain microstructure. 
Weld Microstructure Evolution during FSW Process 
 As clearly demonstrated in our prior work [4.18], while weld-microstructure evolution 
will vary with the choice of base materials and FSW process parameters, these changes show 
some clear differences between non-heat treatable (non age-hardenable) and heat treatable 
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aluminum-alloy grades.  Specifically, in the case of non-age-hardenable alloys (e.g. AA5083), the 
dominant microstructure evolution processes taking place during FSW are extensive plastic 
deformation and dynamic recrystallization of highly-deformed material subjected to elevated 
temperatures approaching the solidus temperature of the alloy.  On the other hand, in the case of  
age-hardenable alloys (e.g. AA2139), in addition to plastic deformation and dynamic 
recrystallization, precipitate coarsening, over-aging, dissolution and re-precipitation typically take 
place.   
Weld Microstructure/Property Relations 
 Taking into account the basic physical metallurgy aspects of the alloys being welded and 
considering the aforementioned spatial distribution and temporal evolution of the weld-material 
microstructure, it is to be expected that local material properties (in particular mechanical 
properties) may vary over the weld joint. 
 In the case of non-heat treatable aluminum alloys material strength (and ductility) is 
controlled by the following strengthening mechanisms:  
 (a) Solid Solution Strengthening:  This hardening mechanism is present in all four weld-
zones and its contribution to the material hardness is expected to be fairly uniform across the 
entire weld region;  
 (b) Strain Hardening:  When a non-heat treatable alloy is cold worked, strain hardening 
mechanism provides a contribution to the material hardness in the base-metal zone which is larger 
than the contributions of the other two mechanisms.  In the HAZ, some annealing will take place. 
However, since this annealing is primarily due to recovery or polygonization, the contribution of 
strain hardening to the material hardness in this region will remain quite comparable to that in the 
base metal region.  The contribution of strain hardening to the overall material hardness in the 
TMAZ is expected to increase since the material in this region typically experiences significant 
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levels of plastic deformation.  In the weld nugget region, material microstructure and properties 
are dominated by dynamic recrystallization and, hence, the contribution of strain hardening to the 
overall material hardness in this region is minimal; and  
 (c) Grain Size Refinement: Since, to a first order approximation, the average grain size 
does not change between the base-metal zone, the HAZ and the TMAZ, the contribution of this 
strengthening mechanism to the overall material strength is expected to be comparable in these 
three weld-zones.  On the other hand, dynamic recrystallization yields a very fine grain structure 
within the nugget zone so that the overall contribution of the grain-refinement mechanism to the 
material hardness is expected to be largest in this weld zone.   
 In the case of heat treatable aluminum alloys material strength (and ductility) is 
controlled by the following strengthening mechanisms: (a) precipitation hardening; (b) strain 
hardening; and (c) grain-size refinement.  Relative importance of the strain hardening and the 
grain-size refinement mechanisms within the four weld-zones was discussed earlier in the context 
of non-heat treatable alloys.  The main points made at that time are equally valid in the case of 
heat-treatable alloys.  As far as the role of the precipitation hardening mechanism in heat-
treatable alloys is concerned, the following main observations can be made.  Typically in heat-
treatable alloys, precipitation hardening provides a contribution to the material hardness in the 
base-metal zone which is larger than the contributions of the other two mechanisms.  In general, 
material exposure to high-temperatures within the remaining three main weld-zones causes over-
aging and the associated loss in material strength.  This loss increases in its extent as one 
approaches the original weld-line, i.e. as one moves through the HAZ, then through the TMAZ 
and ultimately through the weld nugget.  
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4.3.3. Correlation between FSW-process Parameters and Weld Joint Material Performance 
Experimental Approach 
 Over the last two decades, considerable experimental research efforts have been invested 
towards providing a better understanding of the FSW joining mechanism and the accompanying 
evolution of the welded-materials microstructure/properties [e.g. 4.19-4.22] as well as to 
rationalizing the effect of various FSW process parameters on the weld quality/integrity [e.g. 
4.23-4.26].  It should be recognized, however, that the aforementioned experimental efforts were 
able to only correlate the post-mortem welded-materials microstructure/properties with the FSW 
process parameters and provided relatively little real-time insight into the physics of heat/mass 
transfer and microstructure-evolution processes.  As shown in our previous work [4.27], this 
insight can be gained by carrying out a detailed physically-based computational analysis of the 
FSW process.  Nevertheless, experimental techniques involving weld-material microstructure and 
property characterizations for FSW joints obtained under various combinations of process 
parameters and the tool geometry remain invaluable for calibration and validation of the 
aforementioned computational-based analyses.  The weld material microstructure characterization 
techniques typically include optical, scanning-electron and transmission-electron microscopies 
and X-ray diffraction analysis.  Among the weld-material mechanical property characterization 
techniques the most widely used are transverse tensile tests, all-weld longitudinal tensile test and 
a transverse bend test [4.28].  
Computational Approach 
A detailed review of the prior research efforts dealing with computational investigations 
of the FSW process reported in the public domain literature was conducted in our previous work 
[4.27].  Hence, no overview of the prior computational FSW research efforts will be presented 
here.  Instead, a brief overview will be provided of our recent fully-coupled thermo-mechanical 
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finite-element analysis of the FSW process which combines the mass, momentum and heat-
transfer conservation equations with the basic physical metallurgy (microstructure evolution) of 
the aluminum alloy grades being FSWed [4.27].  Within this analysis, various microstructure-
evolution processes taking place during FSW (e.g. extensive plastic-deformation induced grain-
shape distortion and dislocation-density increase, dynamic recrystallization, and precipitates 
coarsening, over-aging, dissolution and re-precipitation) are considered to predict the material 
microstructure/properties in the various FSW zones of the alloys being welded.  For each of the 
aforementioned microstructure evolution processes, the appropriate material state variables are 
introduced and their evolution equations constructed and parameterized (using available open 
literature sources pertaining to the kinetics of the microstructure evolution processes).  Next, the 
thermo-mechanical constitutive models for the alloys being FSWed are modified to include the 
effect of the local material microstructure.  This procedure enabled examination of the two-way 
interactions between the FSW process and the weld-material microstructure evolution.  In other 
words, both the effect of the current material microstructure on its thermo-mechanical response 
during the FSW process and the effects of thermo-mechanical history of a material point during 
the FSW process on the associated microstructure could be analyzed. 
 In the remainder of this section a few typical FSW process simulation results obtained 
using our FSW model [4.27] are presented and briefly discussed.  
Equivalent Plastic Strain Field  
An example of the typical results pertaining to spatial distribution and temporal evolution 
of the equivalent plastic strain in the work-piece during FSW is displayed in Figures 4.3(a)-(d).  
Simple examination of the results like the ones displayed in these figures but generated under 
different FSW process conditions reveals that: (a) depending on the FSW process conditions such 
as tool contact pressure, tool rotational and translational speeds, equivalent plastic strains in a 
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range between 20 and 50 are observed; (b) the highest equivalent plastic strains are always found 
in the work-piece material right below the tool shoulder and equivalent plastic strains 
progressively decreased from this region as a function of the distance in the radial and through-
the-thickness directions; (c) there is a highly pronounced asymmetry in the distribution of the 
equivalent plastic strain relative to the initial location of the butting surfaces.  This asymmetry is  
related to the aforementioned differences in the material transport (at the advancing and the 
retreating sides of the weld) from the region ahead of the tool to the region behind the tool; and 
 
 
Figure 4-3. Typical results pertaining to spatial distribution and temporal evolution of the equivalent 
plastic strain during FSW: (a) zero-time step; (b) at the end of tool-insertion; (c) 7s afterwards; and 
(d) 14s afterwards. Equivalent-plastic strain range: 0.0 (blue) to 50.0 (red). 
 
 (d) As the tool Translational speed is decreased and the tool/work-piece contact pressure is 
increased, higher equivalent plastic strains are observed and equivalent plastic strain differences 
between the top and bottom surfaces of the work piece are reduced.  This finding suggests that 
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under these FSW process conditions the extent of material stirring/mixing (which plays a critical 
role in weld quality/joint-strength) is increased. 
Nodal Velocity Field 
The distribution of nodal velocities at the outer surfaces of the work-piece at two 
different times (0.0s and 0.5s) is displayed in Figures 4.4(a)-(b).  For clarity, the tool is not 
shown. These figures clearly show that the initially assigned unidirectional velocity field (to the 
 work-piece material within the Arbitrary-Lagrangian Eulerian (ALE) finite-element formulation 
used in Ref. [4.27]) in the direction of welding, quickly transforms into the velocity field in which 
there is a well-defined stir region right below the shoulder (within which the material circles 
around the pin) and the remainder of the field (within which the material tends to flow around the 
stir region).  A comparison of the results displayed in Figures 4.4(a)-(b) clearly shows how the 
region underneath the tool shoulder which is initially unfilled becomes filled as FSW proceeds 
(please note an increase in the work-piece hole upper-rim altitude).  Once the space under the 
shoulder is fully filled it remains filled as the FSW process continues.  The material in this region 
is constantly being refreshed as the tool advances in the welding direction. 
Material/Tracer Particle Trajectories 
 The results displayed in Figures 4.4(a)-(b) show the spatial distribution and temporal 
evolution of the nodal velocities. It should be noted that due to the ALE character of the finite-
element analysis used in Ref. [4.27], the motion of the finite-element mesh is not completely tied 
to the motion of the material.  Thus the results displayed in Figures 4.4(a)-(b) show the velocities 
of the material particles which at that moment pass through the nodal points in question. However 
at different times different material particles are associated with the same nodes.  To observe 
material extrusion around the tool pin and its forging at the tool wake, it is more appropriate to 
construct and analyze material-particle trajectories. This was made possible within 
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ABAQUS/Explicit finite element code employed in Ref. [4.27] through the use of so-called 
“tracer particles” which are attached to the material points (and not to the mesh nodal points). 
 
Figure 4-4. A typical nodal-velocity field associated with Friction Stir Welding: (a) the initial state; 
(b) the fully developed state. 
  An example of the prototypical results pertaining to the trajectory of retreating-side and 
advancing-side tracer particles is displayed in Figures 4.5(a)-(b), respectively.  The tracer 
particles displayed in these figures are initially located in a plane which is halfway between the 
top and bottom surfaces of the work-piece. For improved clarity, tracer-particle trajectories are 
color coded.  The results displayed in Figures 4.5(a)-(b) clearly revealed the following basic 
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aspects of the FSW process: (a) the work-piece material at the retreating side (as represented by 
the yellow and green tracer-particle trajectories, Figure 4.5(a)), does not, for the most part, enter 
 
 
Figure 4-5. Tracer-particle typical trajectories (a) Retreating-side and (b) Advancing-side.  
 
 the stir zone under the tool-shoulder and usually only flows around it; (b) the material at the 
advancing side (as represented by the white and cyan tracer-particle trajectories, Figure 4.5(b)), 
which is initially close to the butting surfaces, passes over to the retreating side and is co-stirred 
with some of the retreating-side material to form the welded joint; and (c) the advancing-side 
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material further away from the initial butting surfaces remains on the advancing side and either 
enters the stir region on the advancing side or flows around it. 
 
 
Figure 4-6. A comparison between the computed and the experimental hardness (transverse) profiles 
over the top surface of the 5083 work piece. Please see the text for details regarding the friction stir 
weld parameters associated with the results displayed in (a) and (b).   
Material Hardness Field 
 Variation of the material hardness measured transversely across the friction stir weld 
over the top surface of the work-piece consisting of solution-strengthened and strain-hardened 
AA5083-H131 plates on both sides of the joint is displayed in Figures 4.6(a)-(b).  The results 
displayed in these two figures correspond to two different welding tool traverse speeds: (a) Figure 
4.6(a) 100mm/min; and (b) Figure 4.6(b), 150mm/min, while the tool rotation speed, shoulder 
diameter and  threaded pin diameter are kept constant at 350rpm, 18mm and 5mm, respectively.  
For comparison, the corresponding experimental results obtained in Ref. [4.29] are also displayed 
in Figures 4.6(a)-(b).  Since the original hardness results reported in Ref. [4.29] were given using 
Vickers hardness units, they were converted using the known indentation loads and indenter 
geometry data to the SI stress units before including in these figures. 
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Simple examination of the results displayed in Figures 4.6(a)-(b) shows that: 
 (a) The computational model developed in Ref. [4.27] yields a physically realistic 
variation in material hardness across the FSW joints, i.e. the computed hardness profiles clearly 
delineate the four different weld zones; 
 (b) As far as the quantitative agreement between the computed results and their 
counterparts from [4.29] is concerned, it can be characterized as being good to fair. Possible 
reasons for the observed discrepancies include: (i) deficiencies in the functional relations used to 
describe the contribution of various mechanisms to material hardness; (ii) diversity and scarcity 
of the relevant experimental data used for model parameterization; and (iii) potential inaccuracies 
associated with hardness measurements in Ref. [4.29]. 
A comparison of the computed results (pertaining to the hardness variation in a direction 
transverse to the original weld line) and their experimental counterparts obtained in Ref. [4.30] in 
the case of two friction-stir-welded age-hardened AA2139 plates is displayed in Figures 4.7(a)-
(b).  The results displayed in Figures 4.7(a)-(b) correspond respectively to the hardness 
measurements over the top and bottom surfaces of the work piece.  In both cases the same FSW 
process parameters (welding speed: 100mm/min; tool rotational speed: 350rpm; shoulder 
diameter: 18mm: pin diameter: 5mm) were used. 
Simple examination of the results displayed in Figures 4.7(a)-(b) shows that as in the case 
of AA5083, the computational model developed in Ref. [4.27] provides physically-realistic 
hardness profiles in a direction transversely oriented with respect to  the weld (at different 
locations through the thickness of the work-piece).   
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Figure 4-7. A comparison between the computed and the experimental hardness profiles over a 
transverse cut through the 2139 work piece weld: (a) top surface of the work piece and (b) the 
bottom surface of the work piece. Please see the text for details regarding the friction stir welding 
parameters.   
Material Grain-size Field 
 A comparison between the grain-size results obtained computationally in Ref. [4.27] and 
their experimental counterparts reported in Ref. [4.31] is displayed in Figure 4.8. Considering the 
fact that not all the FSW process parameters were specified in Ref. [4.31], the level of agreement 
observed in Figure 8 can be judged as reasonable.  
A comparison of the computed variation in the average grain-size across the FSW joint 
[4.27] and its experimental counterpart obtained in Ref. [4.32] is displayed in Figure 4.9.  These 
results pertain to the top surface of the work-piece.  Simple examination of the results displayed 
in Figure 4.9 shows that the computation/experiment agreement is comparable to that obtained in 
the case of AA5083 (i.e. the agreement is reasonable ). 
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Figure 4-8. A comparison between the computed and the experimental grain-size profiles over the 
top surface of the 5083 work piece.   
 
Figure 4-9. A comparison between the computed and the experimental grain-size profiles over the 
top surface of the 2139 work piece.   
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Figure 4-10. Variation of the: (a) longitudinal and (b) transverse residual stresses as a function of the 
distance from the weld-line in 5083.   
Residual Stress Field 
 A comparison between the computed [4.27] and the experimentally measured  [4.29]  
results pertaining to variation of the longitudinal and transverse residual stresses as a function of 
the distance from the initial location of the butting surfaces in AA5083 is displayed in Figures 
4.10(a)-(b).  Two sets of computational results are presented: one based on the use of the 
Johnson-Cook material model while the other was based on the use of the modified Johnson-
Cook model [4.27].  Simple examination of the results presented in Figures 4.10(a)-(b) shows that 
the results based on the modified Johnson-Cook model are in better agreement with the 
experimental results.   While some disagreement still exists between the computational results 
based on the modified Johnson-Cook model and the experimental results, the overall residual 
stress distribution profile appears to be reasonably well reproduced by the computational analysis 
[4.27].  Specifically: 
 (a) The residual stresses are compressive at larger distances from the weld-line at the 
advancing side of the weld (the right-hand side in Figures 4.10(a)-(b)); 
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 (b) As one approaches the weld-line at the advancing side, the residual stresses first 
increase in magnitude and then switch their character (i.e. becomes tensile), at a distance of 15-20 
mm from the weld-line (at the advancing side); 
 (c) In the innermost portion of the nugget, the tensile residual stresses tend to decrease 
somewhat; 
 (d) As the distance from the weld-line increases on the retreating side, the stresses 
gradually decrease toward zero; and 
 (e) The longitudinal residual stresses are generally higher than their transverse 
counterparts. 
4.3.4. FSW Process and Weld Tool Optimization 
 When coupled with conventional Design of Experiments (DOE) and/or Design 
Optimization (DO) techniques, the experimental and computational analyses overviewed in the 
previous section can be used to identify an optimal combination of the FSW process parameters 
and tool design geometrical/material parameters for a given choice of the aluminum-alloy grades 
and plate thicknesses.  While attempting to identify optimal FSW process and weld-tool 
parameters, the emphasis is placed on maximizing the manufacturing efficiency of the joining 
process (as quantified by the tool travel speed), maximizing the quality of the FSW joint (as 
quantified by the material mechanical properties and their consistency) and minimizing the forces 
which must be applied to the tool and the work piece during the welding process (primarily the 
axial tool-driving and the transverse work-piece clamping forces).   
FSW Process Optimization 
 The optimal FSW process parameters (for a given tool design and the choice of the 
aluminum-alloy grades and plate thicknesses), are generally determined by employing the 
computational analyses like the one reported in Ref. [4.27].  An example output from such 
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analyses is displayed in Figure 4.11 in which a thermal foot-print at the front and rear of the 
shoulder of the weld tool are shown.  Temperature distribution within the foot-print and the 
knowledge of the material solidus temperature (the lowest temperature at which melting is 
observed) and the effect of temperature on the material strength are used to determine the optimal 
FSW process parameters. 
 
 
 
Figure 4-11. Typical temperature distribution over one-half of the work-piece obtained by cutting 
along: (a) the longitudinal; and (b) transverse directions: Maximum (red) = 400ºC; Minimum (blue) 
= 25ºC.    
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This procedure typically reveals that (for a given tool design, the rotational speed of the 
tool and the choice of the aluminum alloy grades and plate thicknesses), there is an optimal range 
of the tool traverse speeds.  Tool travel speeds exceeding this range typically give rise to the 
formation of low-ductility flaws within the weld, while, for tool speeds below this range, 
microstructural defects associated with excessive heating are often observed.  Within this range 
lower velocities typically cause HAZ to possess over-aging induced inferior 
microstructure/properties (i.e. welds typically fracture in this weld zone).  On the other hand, in 
the upper region of the optimal tool-speed range, failure typically occurs within the weld nugget 
region (since, material over-aging within the HAZ is less pronounced and the properties less 
degraded). 
FSW Tool-design Optimization 
 The problem of finding the optimal design of the weld tool is generally quite challenging 
since the tool geometry can be quite complex and entails a large number of parameters for its full 
description.  Typically, there is an optimal pin length an optimal pin-diameter to pin-length ratio 
as well as an optimal pin-diameter to shoulder-diameter ratio.  In addition to these tool design 
parameters, there is a relatively large number of parameters which describe the pin shape (i.e. 
thread, flute, frustum with flats, etc.), and the shoulder shape (scroll, spiral etc.).   
 Typically, when high strength aluminum alloys are FSWed, the optimal weld-tool design 
involves a flat ended threaded, frustum-shaped pin profile with three-four equally spaced flats 
machined into the profiled surfaces and a scroll or spiral shoulder profile, Figure 4.12.  The flat 
end of the pin helps produce a better stir zone or weld nugget penetration to the back of the work-
piece.  The threaded portion of the pin body promotes material transport in the work-piece 
through-the-thickness direction while the frustum-shaped pin profile promotes material extrusion 
around the tool and its forging in the region behind the tool.  The scroll shoulder design enables 
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welding without tilting the welding tool relative to the work-piece, which facilitates welding 
around corners. 
 
Figure 4-12. Typical optimal design of the FSW tool used for joining high-strength aluminum-alloy 
grades. 
4.4. FSW Weld Joint Design and Testing 
4.4.1. Design Considerations for the FSW Joints 
90
o
 Corner Joints 
Construction of complex structural components such as military-vehicle 
underbodies/hulls typically involves not only in-plane (planar) but also out-of-plane (e.g. corner) 
joint configurations.  Hence, one of the challenges associated with the construction of these 
structures is determination of the optimal weld joint configuration(s).  For example, in the case of 
corner FSW joints, like the one associated with the joining of the vehicle floor section to the 
frame sidewalls, one can choose between a butted corner joint, Figure 4.13(a), and a rabbeted 
corner joint, Figure 4.13(b).  Furthermore, in the latter case, the joint is characterized by a single 
geometrical design parameter (the rabbet depth), Figure 4.13(b). 
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Each of the two aforementioned corner joints possess certain advantages and 
shortcomings, e.g., while the butted corner joint requires less pre-weld preparation (i.e. less or no 
machining is required for preparation of the weld surfaces), it entails special tooling in-order to 
support the horizontal weld plate, Figure 4.13(a).  On the other hand, in the case of the rabbet 
corner weld joint which is commonly used in conventional arc welding, fixturing is less 
challenging but a segment between the horizontal and vertical members is left un-welded, Figure 
4.13(b).  To obtain load transfer between the horizontal and vertical members in this region, it is a 
common arc welding practice to deposit a fillet weld along the inner edge.  As shown in Figure 
4.14, FSW also enables formation of a seam weld along the inner edge.   
 
 
 
Figure 4-13. Two designs of corner joints most often used in conjunction with the FSW process: (a) 
butted corner joint; and (b) rabetted corner joint. 
To identify the optimal FSW corner-joint configuration, it is a common practice to 
fabricate and test these joints.  While, the mechanical response of these joints when subjected to a 
variety of loading conditions can be, in principle, assessed computationally, these types of 
computational analyses are not frequently employed.  Instead, the welds are qualified almost 
exclusively using experimental means (e.g. the so called ballistic shock test described in the next 
section). 
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Figure 4-14. Joining of the 90°-angled plates along their inner edge using FSW. 
 
 
 
Figure 4-15. Two possible designs for a low angle out-of-plane joints. A single low-angle out-of-plane 
joint in (a) is replaced (with the help of a angular transition section) into two planar butt joints in (b). 
Low Angle Out-of-plane Joints 
Military-vehicle underbody/hull constructions often involve low angle out-of-plane joints 
(e.g. V-shaped hulls).  While, it is, in principle, possible to produce such joints by directly 
welding the angled plates, the welding process is quite challenging and the weld quality is often 
deficient.  Consequently, it is suggested that machined or extruded angular transition members be 
used in this case and that a single low-angle out-of-plane joint be replaced by two planar butt 
joints, Figure 4.15(a) and Figure 4.15(b). 
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Complex Three-Dimensional Weld Joints 
Due to high complexity of the military-vehicle underbody/hull constructions, FSW weld 
tool is often required to follow intricate three-dimensional trajectories.  Under such 
circumstances, it is advantageous that the tool remains normal to the outer surface of the plates 
being welded.  As mentioned earlier, this can be attained, while ensuring a high quality of the 
weld, by using a scrolled shoulder.  Also, to prevent the relative motion of the plates being 
welded and to ensure good dimensional accuracy it is suggested that the sections being joined be 
Friction-stir tack welded prior to being FSWed.  
4.4.2. Ballistic Shock Testing of FSW Joints 
When the ability of FSW joints to withstand high-rate loading is of primary concern, 
these welds are typically subjected to the so called ballistic shock impact test as defined in MIL-
STD-1946A [4.33].  In accordance with this test, the weld joint is impacted by a 75mm-
diameter/150mm-length solid right circular cylindrical aluminum slug at a velocity defined by the 
attendant aluminum alloy grades and plate thicknesses.  For the weld to qualify, the total crack 
length must not exceed 305mm.  
When the ballistic shock test is used to qualify butted corner and rabetted corner FSW 
joints, clear differences between these two types of weld designs are often observed.  That is, the 
butted corner joint is often found to outperform the rabetted corner joint with respect to the 
ballistic shock loading.  This finding may have significant economical benefits since the use of 
the butted corner joint reduces the production costs by eliminating the need for pre-weld 
machining of the rabbet. 
The aforementioned differences between the two corner-joint designs can be rationalized 
as follows: (a) In the case of the inferior rabetted-corner joint, the HAZ was often found to extend 
across the inner most edge of the two plates where, under dynamic loading conditions, shear 
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stresses are the highest, Figure 4.16. Since, in this case, the over-aged inferior HAZ 
microstructure is located in the region associated with the most severe loading; it is no surprise 
that rabetted corner joints possess sub-standard ballistic performance.  It should be noted, 
however, that the actual location of the HAZ can be changed by modifying the rabbet depth 
which would result in an improved ballistic performance of the rabetted corner joint; and (b) In 
the case of the butted corner joints, fine grained weld nugget zone with superior impact strength 
is typically placed in the region of highest shear stresses.  Since, fine grain microstructure is 
highly beneficial to dynamic strength of the material; the superior ballistic performance of the 
butted joint is justified.   
 
 
 
Figure 4-16. A possible reason for the inferior ballistic performance of the rabetted corner joints, i.e. 
the HAZ which contains degraded over-aged material is located in the region experiencing maximum 
shear stresses. 
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4.5. Sub-scale test Structure Fabrication and Testing 
Within the third stage of introduction of the FSW process in the construction of military 
vehicle underbodies/hulls, a sub-scale test structure is typically fabricated and tested under fairly 
realistic buried-mine blast loading conditions.  The test structure is normally required to meet 
stringent conditions pertaining to the absence of penetration/fragmentation and a lack of 
excessive deflections.  An example of the vehicle-hull test structure used in our work is displayed 
in Figure 4.17.  Due to the sensitive nature of the subject matter details regarding this test 
structure and its blast survivability potential could not be discussed here.  
  
 
 
Figure 4-17. An example of the sub-scale vehicle underbody/hull test structure used in mine-blast 
experiments in order to assess suitability of the FSW process for the fabrication of  high-survivability 
military vehicles. 
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4.5.1. Design Considerations for the FSW Joints 
  When designing the test structures, it is critical to ensure that their topology and design 
(e.g. plates, stiffeners, and structural details) closely resemble those of prototypical military 
vehicles so that the results obtained can be used to judge blast survivability of the vehicle 
structures themselves.  In addition, during fabrication of the test structures, the proper FSW 
practice discussed in Section II should be exercised in order to produce high quality flat, corner 
and low-angle weld joints.  Failure to do so may provide wrong/misleading information regarding 
the feasibility for utilizing high strength aluminum alloys and the FSW technique in 
manufacturing blast-survivable military-vehicle structures.  
4.5.2. Buried-mine Blast Testing of FSWed Military-vehicle Test Structures 
  The ultimate proof for suitability of the FSW technology and high-strength aluminum 
alloys for use in military-vehicle underbody/hull structures is obtained during the mine-blast 
survivability testing stage.   Within this stage, the vehicle-hull test structure is secured within a 
test fixture and subjected to blast loads resulting from detonation of a mine buried in soil.  Since 
during this process a sub-scale vehicle underbody test structure is tested, the following problems 
must be resolved before the test results can be used to quantify blast survivability of the military 
vehicles in question: 
(a) The manner in which the test structure is secured to the test fixture and the overall 
fixture weight should closely resemble their counterparts present in the vehicle. This is a critical 
requirement since often the performance of structures (including joints) is greatly affected by the 
effect of surrounding constraints/interactions; 
(b) If the test structure is sub-scaled then a dimensional analysis should be employed to 
account for the scaling effects [e.g. 4.34]; 
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(c) While a full-factorial blast-testing schedule over the design/test variables (mine size, 
shape and explosion energy, depth of burial, stand-off distance, soil type, compaction level and 
degree of saturation, etc.) is preferred, in many cases blast testing under most adverse 
combinations of these test variables may suffice; and 
 
 
 
Figure 4-18. A three-step procedure for the introduction of Friction Stir Welding (FSW) technology 
and high-strength age-hardened aluminum alloys to the construction of blast-survivable military-
vehicle underbody/hull structures. 
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(d)  A comprehensive failure analysis should be conducted following each mine-blast 
test. Past experience has shown that one can learn a great deal about the behavior of materials and 
structures by investigating the manner in which they fail in the presence of various loading and 
constraining conditions. 
4.6. Summary Remarks 
 In the present paper, a procedure is developed for the introduction of Friction Stir 
Welding (FSW) technology and high-strength age-hardened aluminum alloys to the construction 
of blast-survivable military-vehicle underbody/hull structures.  The procedure involves three 
basic steps, Figure 4.18. 
 Within the first step, various experimental and computational methods are employed in 
order to optimize the FSW process and the weld-tool design with respect to attaining high 
productivity of the welding process, high quality of the weld (i.e. low defect content and superior 
mechanical properties of the weld material) and low axial (tool driving) and transverse (work-
piece clamping) forces required for the FSW process. 
 Within the second step, various FSW-joint designs are considered in order to identify the 
optimal design for different joints encountered during construction of the military-vehicle 
underbody/hull structures.  Typical procedures used to qualify individual weld joints with respect 
to dynamic loads as those accompanying mine blast are also considered.  
 In the third step, fully fabricated (sub-scale) military-vehicle underbody/hull test 
structures are subjected to mine-blast loads in order to assess their level of blast survivability.  
The key aspects of test structures fabrication and testing as well as of the data reduction 
(including the scaling effects) are also discussed. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK  
5.1. General Discussion and Concluding Remarks 
The primary objective of the present work was to develop a cost-effective and robust 
methodology to Friction-Stir-Weld blast survivable structures for military application. 
Computational analysis procedures were implemented as part of this methodology. The following 
are the main results of the present work: 
1. A three-step process was developed to address the issue of implementing FSW to weld 
blast survivable structures.  
2. The first step in the three-step process addresses the issue of finding the FSW process 
parameters and tool designs to produce high quality welds. Computational analysis procedures 
were implemented to analyze the weld material evolution during the FSW process of Titanium 
and Aluminum alloys. Material microstructure (an important parameter in deciding the material 
property/quality of the weld) evolution of Titanium alloys during the FSW process was 
investigated based on the thermal history results produced by the computational procedure. The 
results produced by the computational analysis were compared with their experimental 
counterparts for validating the computational analysis. The computational results were found to 
be in good agreement with their experimental counterparts.  
3. The FSW-joint designs were considered in the second step of the three step process. 
The issue of identification of suitable FSW-joints in the design of blast survivable structures was 
considered. 
4. In the third step of the three step process, blast survivability of sub-scale test structures 
was considered. Issues related to scaling of military structures for testing was addressed. 
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5.2. Suggestion for Future Work 
In the present work, the computational analysis was conducted in simple weld geometries 
and utilized simple tool design. Applying the analysis concept to complex cases of tool and weld 
geometries need to be addressed. Also, there is a scarcity of experimental data in public literature 
for cases of FSW process with complex tool designs and weld configuration. In order to develop 
computational procedures to analyze complex FSW processes involving complex tool design and 
different process parameters, sufficient amount of experimental analysis of these processes needs 
to be conducted for validation. 
